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Abstract

Single-molecule methods have been rapidly developing with the appealing prospect of
transforming conventional analytical techniques. The selective recognition of proteins and
small molecules is a major motivation in developing single-molecule detection and diagnostic
techniques. However, challenges remain especially in improving detection sensitivity,
selectivity and controlling molecular transport. This is compounded by the complexities in
selectively detecting small molecules in biological fluids. In this thesis, we address these
limitations by showing a direct fabrication method for an analytical sensor that integrates the
advantages of nanopores, field-effect transistors (FET) and selective recognition of target
analytes, for simultaneous single-molecule detection and manipulation of DNA, proteins and

small molecules such as neurotransmitters.

In the first part of this thesis, a controlled and easy fabrication method for nanopore field-
effect transistors was developed in terms of electrodeposition, facilitating the implementation
of fabricated analytical sensors for the gating of molecular transport. It was demonstrated that
the perfect alignment of nanopore and FET enables the gating of molecular transport across
nanopore to be switched on/off in real-time. More importantly, surface functionalization of
the gate electrode can be used to fine-tune transport properties enabling more active control

over translocation velocity and capture rates by orders of magnitude.

Based on the established sensing platform, a novel sensing strategy was presented for selective
sensing of proteins and neurotransmitters at the single-molecule level. Aptamers were
attached to the surface of the gate electrode for selectively recognizing different analytes. Our
results elucidated that, protein-aptamer interactions are able to generate unique fingerprints
allowing for monitoring and extracting real-time binding affinity by target-induced
conformational changes. The gating of binding affinity was revealed in terms of controlling
protein transport. Importantly, by enhancing the affinity of aptamers, selective single-molecule
detection of neurotransmitters at fM concentration was demonstrated in biological fluids such
as human serum. The selective detection of neurotransmitters has yet to be achieved using
solid-state nanopores. This approach was proved to be versatile for different types of
neurotransmitters, including dopamine, serotonin and acetylcholine. Further development of

such a strategy may enable the improvement of nanopore sensors towards different



biologically important applications such as protein fingerprinting and multiplexed sensing of
different molecular targets. An outlook was made on a range of sensing modes developed on

this multifunctional platform with different dynamic ranges for in-vivo monitoring of neuron

activities using functionalised nanopipettes.
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List of figures

Figure 1-1: Conceptual illustration of ensemble-averaged detection techniques vs single-
molecule methods. Compared with conventional biosensing technologies such as enzyme-
linked immunosorbent assay, which produced time-averaged properties, single-molecule
methods can detect properties and interactions between each molecule by decreasing the
sensing volume to a scale comparable with single biomolecules. This results in the highest
levels of sensitivity and opens up the possibility of revealing the properties of single molecules
that are normally masked by conventional, ensemble-averaged properties......ccceeeeeeeeeeennnn. 32
Figure 1-2: Conceptual demonstration of the patch-clamp recording technology, a glass
microelectrode is inserted into a chamber/bath filled with an electrolyte consisting of K*, Na*
and/or Cl"ions. The patch (recording) electrode connected to an amplifier is inserted into the
pipette, another electrode is placed in the bath acting as a ground. Typically, a voltage clamp
mode is used to control the voltage across the cell membrane, and the resulting current is
recorded. Alternatively, the current-clamp mode can be used where the current passing
through the membrane is controlled, and the output is generated in the form of reversal
POTENTIAIS (Erev). veeeeeeeeeeeiiiiieieeee e e e eeeciirte et e e e e e e e e eare e e e e e e e e eeeaaaaaeeeaaeeseesassssaaseeaeeeeasannssssanaaaeaaans 34
Figure 1-3: Comparison between (a) biological nanopores, (b) solid-state nanopores and (c)
nanopipettes. Biological nanopores normally consist of a pore-forming protein supported by a
lipid bilayer. The diameter of a biological nanopore is determined by the structure of the
protein, mostly around 1 nm. Solid-state nanopores are fabricated by electron beam drilling
on a freestanding silicon nitride membrane on a silicon substrate, generating nanopores
greater than 1 nm in size. Other fabrication methods exist, such as dielectric breakdown and
electrochemical etching, addressing the cost and saving time as compared to the conventional
electron beam drilling processes, which are performed under ultra-high vacuum conditions.
Alternatively, a subclass of solid-state nanopores, namely nanopipettes, can be fabricated by
laser-assisted pulling of glass capillaries, which lasts only a few seconds and produces a pair of

nanopipettes with a nanopore size greater than 15 NM. ... 36
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Figure 1-4: Working principle of nanopore sensing. The principle behind conventional
nanopore detection is called resistive pulse sensing. A constant voltage bias is applied across a
pore that connects two reservoirs filled with electrolytes separated by a non-permeable
membrane. (a) In most cases, the applied bias from a pair of Ag/AgCl electrodes in KCl causes
a steady-state ionic current to flow through the pore as the resistance of the nanopore is
greater than the electrolyte resistance. As a result, most of the potential field gradient is
focused at, or close to, the pore. lons, and any other charged molecules, are therefore
translocated through the pore across the membrane, driven by this potential gradient. (b)
When a charged molecule is transported through the pore, the ionic current is either enhanced
(as in most cases) or blocked as part of the nanopore volume previously occupied by ions is
replaced by the translocating molecule. (c) The steady-state current is recovered after the
translocating molecule exits the pore. Examples of ionic current traces showing single-
molecule translocation of the analyte are shown in (d). Definition of terms in the equation to
estimate the current from a cylindrical nanopore: io : open pore current, u: electrophoretic
mobility of ions, n: the number density of ions, d is the diameter of nanopores, | is the thickness
of nanopore, Vpias is the applied VOITAZE. ...uuuiiiiiiiiiiiiiiiiiiiiiiiiieivvieseeeseeerveeeeeesresreeresessrerererranne 37
Figure 1-5: Examples of chemical modifications for both biological nanopores and solid-state
nanopores. (a) Biological nanopores can be modified by attaching aptamers at the pore lumen.
Note that as the size of aptamers and targeted analytes is much larger than the diameter of
biological nanopores, the current fluctuations are caused by the blocking and unblocking of
the nanopore entrance from the aptamer and aptamer-target complex. Therefore, interactions
between aptamers and targeted analytes can be monitored by analysing the switching of
different current levels, corresponding to on/off states where the nanopore is blocked and
unblocked by an aptamer-target complex.?® (b) Protein receptors can be attached to the
surface of solid-state nanopores. Selective single-molecule detection of proteins is achieved by
the complexation chemistry between receptors and proteins.®? (c) To combine the robustness
of solid-state nanopores with the precise structural engineering of biological nanopores, pore-
forming proteins can be inserted into solid-state nanopores. A successful insertion causes a
decrease of nanopore conductance and nanopore current.f0 ... ......cccooeeiiiiiiieiecce e, 40
Figure 1-6: Summary of different approaches for nanopore FETs. Solid-state nanopores can be
integrated with FETs by incorporating a drain-source channel above the nanopore. In most

cases, synchronised electrical recording is achieved via two independent amplifiers from the

11



nanopore and FET channels, respectively. Representative examples are demonstrated via (a—
b) a Si nanowire®? or (d—e) graphene nanoribbon nanopores® for synchronised detection of
single-molecule DNA translocation. The scale bars are 10 nm for the Si nanowire and 5 nm for
the graphene nanoribbons. The single-molecule translocation can be synchronised from
resistive pulse sensing in a nanopore channel, and either through capacitive coupling or gated
by the charge of the translocating molecule from the FET channel (i.e. drain-source) (c, f). This
process could be modelled by a nanopore overlaid with the resistance from both cis and trans
chambers, as well as the resistance from the nanopore. A portion of the FET channel is coupled
with the nanopore, so that the FET channel in the cis region is coupled to the voltage set at the
bottom Ag/AgCl electrode, resulting in a localised potential change around the nanopore. The
potential falls as 1/r away from the nanopore where ris the distance from nanopore opening.®*
The inset is a schematic of a nanopore-FET electrical circuit. In this type of devices the source-
drain is either Si nanowire or graphene nanoribbons. (g) More recently, a novel class of
nanopore-FET devices was constructed from dual-barrel nanopipettes, with drain-source being
the empty barrel of a nanopipette and gate being gold or polypyrrole electrode. One barrel
was selectively filled with carbon via pyrolytic deposition from butane, forming a carbon
nanoelectrode at the tip, and an empty barrel was used as a nanopore. (h) Gold can be
electrochemically deposited on the carbon nanoelectrode and functionalised with a thiolated
species for use as a gate to modulate single-molecule DNA translocation from a nanopore.?? (i)
In a similar way, the gate is also fabricated by electropolymerisation of pyrrole, and artificial
receptors embedded within the polymeric film for selective single-molecule sensing of
TArETEA ANAIYTES.3 ettt ettt et e et e e te et e et e eaeeereeteeaeereeas 43
Figure 1- 7: Thesis outline in terms of the fabricating workflow of nanopore FETs based on dual-
barrel nanopipettes. One barrel is selectively filled with carbon via pyrolysis of butane while
another barrel remains empty, forming a carbon nanoelectrode and an open nanopore at the
tip. Gold can be deposited on the surface of carbon nanoelectrode and shrinks down the
nanopore by a feedback-controlled mechanism. The gold-deposited devices are functionalised
by two different types of thiolated species. (d) Small organic molecules can be used to switch
the surface charge of a nanopore, controlling single-molecule transport using a chemically
modified nanopore-FET. (e) Thiolated oligonucleotides can be encoded onto the surface of
gold to enhance the selectivity towards different targeted analytes such as proteins and small

(0101 =T oLU 1T TN 46
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Figure 2-1: Schematic demonstration of laser-assisted pulling processes. (a) Overview of a P-
2000 laser puller (Sutter Instruments, USA). (b) After laser-assisted pulling, a pair of
nanopipettes were fabricated. Details of the two-line laser pulling protocol: In the first line, (c)
the laser beam locally heats the centre of a theta quartz capillary and then deactivates,
followed by pulling on both ends to produce (d) a taper in the middle. (e) The second line
generates additional heat which melts the taper, and a hard pull results in a pair of dual-barrel
NANOPIPETLES. oo 56
Figure 2-2: Pyrolysis of butane. (a) Schematic illustration of the experimental set-up for
pyrolytic deposition of carbon. Butane was passed through one barrel via silicon tubing while
the other barrel of the nanopipette was sealed. A butane torch was used to heat the tip of the
pipette for pyrolytic deposition of carbon under argon flow to prevent further oxidation of the
deposited carbon. A heating time of 35 s was chosen to produce an extensive filament of
amorphous carbon through one barrel while leaving the other barrel open. (b) Bright-field
micrographs show a change in contrast between a dual-barrel nanopipette before (left) and
after (middle) carbon deposition and an SEM image (right) of a dual-barrel nanopipette before
carbon deposition. (c) Photo of the set-up for pyrolytic deposition of carbon. The flowrates of
argon and butane were monitored by the two flow meters labelled in the photo. The dual-
barrel nanopipette was mounted on the holder first and moved inside the argon tubing to
prepare for carbon deposition. (d) Schematic visualisation of the electrical contact in a dual-
barrel nanopipette with one barrel filled with carbon. The deposited carbon extends up to ~60%
of the length of the nanopipette barrel. However, only the section at the taper of the
nanopipette is extensively filled with carbon. The pyrolytic carbon is mostly deposited on the
inner walls of the barrel to form a carbon layer. A copper wire was inserted into the carbon
barrel so that it is embedded into the bottom section just above the taper directly contacting
the deposited CArbON. . ..o 57
Figure 2-3: Schematic of the electrochemical set-up of feedback-controlled gold deposition.
Two working electrodes (WEs) were placed in the carbon barrel and the open barrel, filled with
the appropriate supporting electrolyte, with a quasi-reference counter electrode (QRCE) in the
plating bath. A reducing potential was held at the first WE. Importantly, a potential difference
of -0.1 V between the second WE and QRCE was used as feedback...........ccccoocvvviiiiiiinnnnn, 59
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Figure 2-4: User interface for the nanopore app when loading the raw data from Clampfit. After
loading the raw data as an ABF file from Clampfit, the output was generated as applied voltage
across the nanopore and the resulting ioNiC CUMTeNt. ....ccovvviiiiviie e 64
Figure 2-5: Baseline fitting using the Nanopore App. The current trace was flipped and then
fitted by a Gaussian distribution function, with adjustable steps and two different polynomial
factors. This was followed by defining a standard deviation relative to the fitted baseline.
Determining the standard deviation was aided by fitting all points on the histogram of the
current trace with a Gaussian function. In this case, three different peaks were found, which
correspond to the baseline noise and folded and unfolded single-molecule DNA translocations.
Therefore, the standard deviation was set to detect all translocation peaks correctly by placing
it between the boundary of the baseline current and the unfolded translocation peaks. ...... 65
Figure 2-6: Single-molecule detection of 10 kbp DNA using nanopipettes, with the patch
electrode (working) in the pipette and the bath electrode (reference/ground) in the KCl bath
(100 mM KCI, 10 mM Tris and 1 mM EDTA at pH 8) and 400 pM of 10 kbp DNA added in the
nanopipette. (a) Under negative potential, single-molecule translocation of DNA happens from
inside the nanopipette to the KCl bulk solution. The representative current traces are shown
from -300 to -700 mV. (b) From the single-molecule statistics extracted and accumulated by
the nanopore app, the distribution of dwell time, equivalent charge and blockade current at -
400 mV is summarised in the histograms. (c) A 2D heat map demonstrates the distribution of
the blockade current versus dwell time. (d) The stochastic nature of single-molecule DNA
translocation was confirmed by the exponential fitting of the interevent time, obtaininga 5.94
s! capture rate. The utility of nanopipettes for single-molecule detection of 10 kbp DNA was
established by the voltage dependence of (e) dwell time, (f) blockade current and (g) capture
rate. As the single-molecule translocation becomes faster, there is a larger current modulation

resulting in more events being CaptUred......c...iiiiiiii i 66

Figure 3-1: Schematic demonstration of electrodeposition. A reducing potential is applied to
the substrate. (a) The hydrated metal ions migrate from the bulk electrolyte into the electrical
double layer and absorb onto the surface of the electrode with a partial detachment of the
hydration layer. (b) Electron transfer from the substrate onto the absorbed metal ions occurs

to reduce the metal cations with a positive valency to a zero valency. This process is repeated
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to form the seed on the surface of the electrode (i.e. nucleation). (c) The deposition of metal
can be accelerated based on the nucleated metal deposit, which increases the active electrode
T T PP P PP PPPPPPPPPPUPPPPN 73
Figure 3-2: Schematic demonstration of cyclic voltammetry. (a) The potential is swept between
the anodic potential (Ea) and cathodic potential (Ec) at a constant scan rate. (b) The resulting
voltammogram shows peaks in the positive and negative scan directions, corresponding to
oxidation and reduction of the electroactive species, respectively. For a reversible
electrochemical process, the middle point of the two redox peaks is the equilibrium potential.
In both figures, black arrow indicates the initial scan direction. ....cccccooeeeeeeeiieeieeiieeccecceeeeen, 74
Figure 3-3: Schematic demonstration of chronoamperometry. A constant potential of Eg is held
at the electrode until the start of the experiment at time to. The voltage is switched to a
constant value (Ec) and held constant over time. The typical response of the

chronoamperometric current is not listed in this figure as it depends on multiple parameters.

Figure 3-4. Comparison between (a) cyclic voltammetry and (b) chronoamperometry for
electrodeposition of gold using 10-fold diluted ECF64 plating solution. (a) Cyclic voltammetry
was performed with a scan rate of 0.02 V/s. The first set of CVs exhibited a small increase in
electrochemical current and deposition peaks, meaning that gold is only minimally reduced
from the plating solution. To investigate the precise location of the gold reduction peak on the
carbon nanoelectrode, the resulting electrode was held at -0.7 V for 200 s to stimulate the
nucleation of gold. The second set of CVs revealed a significant reduction peak at around -0.73
V. (b) Amperometric deposition of gold at a constant potential of -0.73 V exhibited an initial
deposition current at roughly 0.01 nA for the first 100 s. This was followed by a gradual increase
with the slope becoming steeper over time, indicating faster deposition. A carbon
nanoelectrode was used as the working electrode, with a quasi-reference counter electrode in
the PlatiNg SOIUTION . c.uuiiiiiieee e e e e e s e e e e e e s s s easrraeeeeeeeeasnnnnes 78
Figure 3-5: Representative examples for the feedback-controlled deposition of gold. Gold
deposition was simultaneously performed using a bipotentiostatic configuration with two
working electrodes inside the carbon barrel and the open barrel, respectively, where Vgepositon
= -0.73 V and Vfeedback = -0.1 V. The deposition current exhibited no significant difference
compared with experiments that did not incorporate the feedback (Figure 3-4). The feedback

current remained roughly constant and then decreased rapidly. As the ionic current flowing
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through the open barrel is a function of pore conductance, the sharp decrease in feedback
current undoubtedly suggests rapid pore shrinking within this sharp transition regime........ 79
Figure 3-6: Examples demonstrating the reproducibility of the sharp decrease of feedback
current. Although the time taken to reach the sharp transition varies for different pipettes, the
sharp decrease of feedback current is reproducible. As a result, precise tailoring of nanopore
conductance is feasible by terminating deposition processes at different currents. The data
were obtained from 3 independent NANOPOIES. ..uuuuuiuirreriieeiierieeerrrerrerrrerrrrrrr——————————————. 81
Figure 3-7: Controlling nanopore conductance by feedback-controlled deposition of gold. I-Vs
for carbon-only nanopipettes and gold-deposited pipettes with a threshold feedback current
of (a)-1.5nA, (b)-1.0nA and (c) -0.5 nA. (d) Detailed histograms show a large device-to-device
variation (17.3 £ 6.4 nS) before gold deposition. However, the nanopore conductance was
precisely tailored after feedback-controlled deposition (7.2 + 1.4 nS for lthreshold = -1.5 NA, 3.5 *
1.9 nS for lthreshold = -1.0 NA, 2.0 £ 0.4 nS for lthreshold = -1.5 NA). The data were obtained from 90
INAEPENAENT NANOPOIES. 1o i 82
Figure 3-8: Characterisation of the electrochemically active area using the redox probe for
carbon-only and gold-deposited devices. The electrochemistry is based on the cathodic
polarisation of either (a) the carbon nanoelectrode or (b) the gold-deposited electrode. As a
result, Ru3* is reduced to Ru®* giving rise to diffusion-limited currents, which are indicative of
an electrochemically aCtiVE @r@a. v 83
Figure 3-9: Characterisation of deposited gold using dark-field microscopy. Dark-field images
taken at (a) 700 s, (b) 1000 s, (c) 2000 s and (d) 3000 s during the deposition process show the
gradual expansion of a gold blob. The data were obtained from 4 independent nanopores. 84
Figure 3-10: SEM and TEM characterisation of nanopore-FET devices. (a) Schematic illustrating
the device configuration of gold deposited nanopipettes. (b) An SEM image of the top view
shows the pore closure from the feedback-controlled deposition of gold and is confirmed by
TEM images (c-d) showing the accurate deposition of gold at the tip. SEM and TEM were

obtained from two iNdepPeNdeNt NANOPOIES. ...uuuiuuerrierrrerreeerrrrrrerrrrrrrerrrrrrr———————————————. 85

Figure 4-1: Validation of single-molecule functionality for the nanopore-FET devices.
Representative It traces and individual translocation events recorded at the nanopore channel

before (a,b) and after (c,d) feedback-controlled deposition of gold, showing a slight increase in
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dwell time from (ei) 0.13 + 0.06 ms to (eii) 0.35 + 0.17 ms, a significant increase in peak current
from (fi) 149 + 25 pA to (fii) 510 + 252 pA, and a reduction of capture rate from 17 +3stto 7
+1st. This was attributed to the smaller opening of the gold-coated nanopore, which induced
enhanced interactions between DNA and the nanopore surface. Vpore = =700 mV, Vgate =0
mV. 10 kbp DNA was added in the nanopipette and translocation occurred from in to out.. 93
Figure 4-2: Voltage gating of the nanopore, (a,b) I-V characterisation of the nanopore-FET
before and after gold deposition, and (c,d) after gold deposition at varying Vgate...veeerreverennn 95
Figure 4-3: Voltage gating of DNA translocation. (a) The variation of nanopore surface charge
with gating potentials (Vgate) Was probed by differential capacitance measurements on an
ultramicron gold-deposited electrode, showing a capacitance minimum at -100 mV, which was
attributed to the potential of zero charge (pzc). (b) This correlates well with the gating of 10
kbp DNA in 100 mM KCl, 10 mM Tris-HCl and 1 mM EDTA buffer at pH 8. DNA transport could
be switched off or turned on depending on whether the potential applied to Vgate Was above
or below the pzc. By controlling the gate potential, translocations could be switched on and off
in real time as shown in (c). Vpore = =700 mV. 10 kbp DNA was added in the nanopipette and
translocation occurred from iN 0 OUL.....ciiiiiiiiiiiii e 96
Figure 4-4: Surface functionalisation of gold-deposited nanopores with (a) 1-dodecanethiol
and (b) 5-amino-2-mercaptobenzimidazole. For each case, (c,d) successful functionalisation
was seen from the consecutive change of |-V with respect to the fabrication workflow of
nanopore-FET devices. Electrolyte: 52 mM (NH4)2SOs. This was further confirmed by (e) the
suppression of the electrochemically active area for the gold gate functionalised by 1-
dodecanethiol, the electrochemical characterisation was performed with 1 mM Ru(NH3)sCls in
100 mM KCl. (f) The inversion of |-V from negative rectification to positive rectification for gold
gate functionalised by 5-amino-2-mercaptobenzimidazole in 100 mM KCl. The data were
obtained from the measurements of 4 independent NANOPOIES. .....vvvreereeeerreerererrerrrerrreeeeaen. 99
Figure 4-5: Fabrication process of the nanopore-FET device, starting from (a) unmodified
(carbon only) pipettes, to (b) gold modified pipettes, and then (c) functionalised pipettes, with
the corresponding (i) |-V characterisation after each stage of fabrication. Conductance values
in 100 mM KCl were 8.13 + 0.43 nS before deposition, 3.79 + 0.30 nS after deposition, and 1.00
+ 0.15 nS after functionalisation. Considering the change of the nanopore surface charge after
amine functionalisation, the I-V response across the nanopore revealed a significant change,

from negative to positive rectification by tuning the pH from 8 to 4 in 10 mM KClI (inset, ciii).
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(i) lon selectivity measurements across nanopores after each stage of fabrication by using
current-clamp mode of a Multiclapm 700B amplifier. Potential-current (Iclamp)
measurements for nanopore-FET devices (a) before deposition, (b) after deposition and (c)
after functionalisation at different KCl concentration gradients. The concentration of KCl was
only diluted by DI water outside of the nanopore to 75 mM, 50 mM, 25 mM, 2.5 mM, while
the inside remained the same (100 mM KCI, 10 mM Tris-HCl and 1 mM EDTA buffer at pH 8).
(iii) The potential at which the current is set to zero is represented as the reversal potential
(Erev). Before deposition, the nanopores exhibited cationic selectivity, indicated by (aiii) more
negative reversal potentials as the concentration of the trans side was diluted. (biii) After
deposition, the reversal potentials became less negative due to the reduction of surface charge.
(ciii) The appearance of more positive reversal potentials after amine functionalisation
indicated more positive nanopore surface charge. lon-selectivity measurements showed a
gradual tuning of nanopore surface charge. In all cases, the gate electrode was left floating.
Potentials quoted here are relative to Ag/AgCl reference electrode in KCl bath.................. 101
Figure 4-6: Electrochemical characterisation of an amine-modified gate. (a) Cyclic voltammetry
from -0.4 to 0.4 V showed minimal faradaic currents within the range of Vgate, scan rate = 0.2
V/s. (b) Differential capacitance measurements of an amine-modified electrode showed a
secondary capacitance minimum at 0.15 V. Effective charge tuning at the electrode-electrolyte
interface was obtained for the functionalised system, as seen from the pronounced change of
capacitance at both sides of the pzc; Using an amine-functionalised nanopore-FET, (c) |-t traces
recorded from the amine functionalised gate showed that the magnitude of current remained
at 0 pA, indicating that was unlikely that Faradaic processes took place on the functionalised
gate electrode in the potential window Vgate = -400 t0 Vgate = 400 mV. All characterisation was
performed in 100 mM KCI, 10 mM Tris-HCl and 1 mM EDTA bufferat pH 8.......cceeeeeeennnnn. 103
Figure 4-7: Voltage gating of an amine-modified nanopore-FET. Voltage gating was achieved
via a stepwise increase of Vgate from =400 mV to 400 mV at 200 mV intervals. (a) Current—time
traces showing the gating control of 10 kbp DNA translocation at an applied Vgate of =400 mV,
-200 mV, 0 mV, 200 mV, and 400 mV. (b) The dependence on (i) dwell time, (ii) equivalent
area, and (iii) event frequency is shown as a function of the gating potentials. All data were
expressed as percentage change with respect to Vgate =0 mV, and in all cases, Vpore = =500 mV.

10 kbp DNA was added in the nanopipette and translocation occurred from in to out. ...... 104
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Figure 4-8: Supplementary traces of 10 kbp DNA confirming the reproducibility of voltage
gating with amine-functionalised nanopore-FETSs. Vpore = =500 mV. Vgate Was tuned between
-400 and 400 mV. 10 kbp DNA was added in the nanopipette and translocation occurred from
(oo 1 U ST 105

Figure 5-1: The schematic design of aptamer-functionalised nanopore bio-transistors,
feedback-controlled fabrication and single-molecule detection of targeted analytes. (a) One
barrel was selectively filled with carbon while another barrel (nanopore) was left open. Gold
was electrochemically deposited onto carbon. The aptamers were functionalised onto the gold
via thiol self-assembly. (b) The schematic design of the nanopore bio-transistor surface
chemistry. It includes the sequence information of the aptamers for proteins and
neurotransmitters, and the binding mode between the targeted analyte and aptamers. For
protein detection, a 15-mer thrombin binding aptamer was used, as the binding occurs
between a G-quadruplex and thrombin. In contrast, for neurotransmitters, the stem-loop
aptamer binds to the neurotransmitter via target-induced conformational changes, and the
aptamers switch from a duplex to a G-quadruplex conformation upon analyte binding. (c) The
feedback-controlled fabrication of nanopore bio-transistors. The electrochemical deposition of
gold was performed using a bipotentiostatic configuration, where a reducing potential of -0.73
V was held at the carbon nanoelectrode. The deposition process was monitored by a real-time
ionic current flowing through the open barrel due to the potential difference of -0.1 V between
the second working electrode and a combined counter/reference electrode in the bath. The
gold deposition was stopped at the specific threshold current of -1.5 nA. The gold-deposited
device was functionalised by thiolated aptamers. The whole process was monitored by the
consecutive change of IV (52 mM (NH4)2S0s), as well as the change of the active
electrochemical area in the presence of 1 mM Ru(NHs)sCls. The representative current traces
showed the single-molecule translocation of dopamine across (d) gold deposited devices, (e)
scrambled sequence functionalised devices and (f) aptamer-functionalised devices. Dopamine
Was added iNthe Dath. .o 114
Figure 5-2: The characterisation for the fabrication of nanopore bio-transistors. The process
starts with a (i) carbon only device, to form a (ii) gold deposited device via the feedback-

controlled deposition of gold, and an (iii) aptamer-functionalised device produced from the
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surface functionalisation of deposited gold by the thiolated aptamers. To verify the successful
fabrication at each step, with (a) I-V measurements demonstrating the consecutive shrinking
of nanopore conductance, the inset illustrates the electrochemical measurements for the
active surface area for the carbon nanoelectrode, gold deposited electrode and the aptamer-
functionalised electrode. The active surface area was increased after the gold deposition and
then decreased after aptamer functionalisation, as seen from the steady-state diffusing
limiting current in the presence of 1 mM Ru(NH3)eCls upon cathodic polarisation from 0 mV to
-400 mV. The whole process was further confirmed by (b), (c) ion-selectivity measurements.
The salt concentration on the trans chamber was diluted, while the cis chamber remained
unchanged. At each concentration gradient, a reversal potential (Erey) was measured. After the
gold deposition, Erev appeared to be more positive, which indicated the reduction of surface
charge from a carbon/quartz nanopore to a gold nanopore. Aptamer-functionalized nanopore
exhibited a more negative reversal potential compared to the gold deposited device due to the
attachment of negatively charged oligonucleotides on the surface. In all cases, the electrolyte
in the cis chamber was 100 mM KCl, 10 mM Tris and 1 mM EDTA at pH 8. The concentration of
the trans chamber (KCl bath) was varied by serial dilution. Cis means in the nanopipette and
trans Means the KCIDath . e e e e e e e s e 117
Figure 5-3: Power spectrum density (PSD) for nanopores that are functionalised by different
aptamers for (a) thrombin, (b) dopamine, (c) serotonin and (d) acetylcholine, before and after
adding the targeted analytes. For all cases, the noise spectra mainly differ in the low-frequency
regime (f<100 Hz). In this regime, the power spectra showed 1/f dependence. The specific
binding between the aptamer and targeted analyte caused more dynamic fluctuations of thiol-
modified oligonucleotides inside the pore. All PSDs were obtained by analysing 10 s current
traces for each case. The current traces were low-pass filtered at 30 kHz and sampled at 250
kHz. The red dotted lines represent the linear fitting of PSD at a low-frequency regime. Vpore =
-500 mV in all cases. The data were obtained from 8 independent nanopores. Analytes were
added INtO the Dath. e e e e e 119
Figure 5-4: The single-molecule detection of thrombin using nanopores functionalised by (a)
random sequence and (b) aptamer sequence. Using nanopores functionalised by a random
sequence, the translocation of thrombin produced current blockade, whereas, for the
aptamer-functionalised nanopore, current enhancement was observed. (c) The specific

interactions between the aptamer and thrombin caused a higher peak current and a longer

20



dwell time than the nanopore functionalised by a random sequence. For aptamer-
functionalised nanopore, a cut down of peak current was observed for a certain threshold as a
result of the binding between aptamer and thrombin. This was further revealed by the voltage
dependence of the (d) dwell time, (e) peak amplitude and (f) capture rate. The 1 nM thrombin
was added inside the pipette and the translocation occurred from in to out. .......ccccvvvvvennes 120
Figure 5-5: The selective single-molecule detection of thrombin using aptamer-functionalised
nanopore bio-transistors. (a) The current-time traces showing the voltage dependence of
single-molecule thrombin detection from (i) Vpore =-400 mV to (iv) Vpore =-700 mV. (b) A
scattered diagram demonstrating the distribution of the blockade current and binding time at
different voltages. (c) A unique characteristic for the translocation of thrombin through
aptamer-functionalised devices is the appearance of long tails, and (d) subsequent exponential
fitting of the decay gives the distribution of decay constant, which increases linearly with
applied voltage. (e) The binding time (tofr, dwell time) decreases exponentially with voltage,
and the (f) off rate (kon, capture rate) increases exponentially with voltage. A semi-log plot of
the binding time and off rate resulted in a linear trend with increasing Vyore. Thrombin was
added inside the pipette at 1 nM and the translocation occurred from in to out. Error bars
represent the standard deviation of 3 independent measurements.....ccccccveeeeeeeeeeeeeeeeeenennn, 121
Figure 5-6: The gating of binding affinity and protein transport in an aptamer-functionalised
nanopore. (a) Schematic showing that the transistor configuration carbon/gold/aptamer barrel
was used as a gate to modulate single-molecule protein translocation. (b) By tuning Vgate from
-400to 400 mV, the regulation of ionic transport across the nanopore was verified by nanopore
I-V collected at different gating potentials. From a single-molecule protein translocation study,
(c) the dwell time (Tofr) was found to increase as Vgate became more positive, (d) while the
blockade current increased as well. (d) This is shown as current—time traces, which
demonstrates the gating of single-molecule transport of 1 nM thrombin. Vpore =-400 mV for
all cases. Thrombin was added inside the pipette at 1 nM and the translocation occurred from
TN TO OUT.ciiiiiiiiiee e 123
Figure 5-7: More examples of the voltage gating of thrombin from Vgate = - 400 mV to Vgate
= 400 mV. Positive Vgate increased the binding time, enhanced the signal-to-noise ratio and
slowed the decay for the translocation tails. Vpore = -400 mV for all cases. The experiments
were performed in 100 mM KCI, 10 mM Tris and 1 mM EDTA at pH 8. Thrombin was added

inside the pipette at 1 nM and the translocation occurred from into out.......cccceeeeeeeennnnn. 124
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Figure 5-8: |-V characterisation of (a) quartz, (b) carbon only and (c) gold devices against
analyte concentration. From the experimental results of quartz and carbon/quartz nanopores,
the addition of positively charged analytes, such as dopamine, caused negligible effects on the
(i) I-V, (ii) conductance and (iii) rectification ratios. Therefore, the interactions between
dopamine and carbon or negatively charged quartz surfaces caused almost no effect on the
nanopore |-V characteristics. The nanopore conductance was obtained by a linear fitting from
-50 to 50 mV. The experiments were performed in 100 mM KCIl, 10 mM Tris and 1 mM EDTA
at pH 8. Error bars indicate the standard deviation of 3 independent measurements. Dopamine
Was added iNthe Dath. e 126
Figure 5-9: |-V characterization of aptamer-functionalised devices against analyte
concentration for (a) dopamine, (b) serotonin and (c) acetylcholine. For aptamer-
functionalised devices, adding targeted analytes caused a change in the (i) I-V characteristics
due to the specific binding. (ii) The conductance decreased with increasing concentration for
both dopamine and serotonin aptamer-functionalised devices as a result of forming more G-
quadruplexes. Note that the increase of I-V conductance with concentration is consistent with
the current enhancement that was obtained for the single-molecule translocation of dopamine
and serotonin that was achieved using functionalised nanopore. (iii) The rectification ratios (I-
soomv/Isoomv) decreased as more positively charged analytes bound with the corresponding
aptamer. The sigmodal dependence of acetylcholine is caused by the use of less sensitive
aptamers compared to dopamine and serotonin cases where aptamers are responsive down
to fM. The targeted analytes were only added to the KCl bath. The nanopore conductance was
obtained by a linear fitting from -50 to 50 mV. The experiments were performed in 100 mM
KCl, 10 mM Tris and 1 mM EDTA at pH 8. Error bars indicate the standard deviation of three
independent measurements. Dopamine was added in the bath. ....cccccceeeiiieiieenn, 127
Figure 5-10: The representative current traces for the translocation of dopamine across
nanopores functionalised by the scrambled sequence of dopamine aptamer. No
distinguishable current modulations were observed. The experiments were conducted at 100
mM KCl, 10 mM Tris and 1 mM EDTA at pH 8. Vpore= -400 mV for all concentrations. The
experiments were verified by five independent nanopores functionalised with scrambled
sequence of dopamine aptamer. Different concentrations of dopamine were added to the bath

and any possible translocations are supposed to occur from out tO iN. .ccccvveveeeeeeeiiriiiinnnen, 130
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Figure 5-11: Single-molecule detection of dopamine using an aptamer-functionalised
nanopore. (a) Single-molecule translocation of (b) dopamine occurred from the electrolyte
bath to a nanopore functionalised by (c) dopamine aptamers under a negative Vpore, (d)
voltage-dependent current—time traces. This illustrates the specific interactions between the
stem-loop aptamers and dopamine, as suggested by the contrast between the grey (0 pM
dopamine) and black (10 pM dopamine) current traces from the same device. The voltage-
dependent results and detailed distribution of the (e) dwell time (dissociation time, To), (f)
blockade current and (g) on rate (capture rate, kon) with increasing Vpore from -300 to -700
mV. Dopamine was added in the KCI bath, error bars indicate the standard deviation of 3
INAEPENAENT MEBASUNEIMENTS. .iiiiiieieriiiiieieeeeeeeeritrieeeeeeeeeertttiareeeeeseersttnarsesessssssssnnanseeesessenes 131
Figure 5-12: The representative current-traces for serotonin showing the shape of the
translocation peaks. In most cases, the translocation events were predominately seen as a
single and rectangular peak, which suggests that each translocation event was caused by an
interaction with one receptor, as multiple receptors are able to cause the inter-transfer of the
targeted analyte between different ligands in the nanopore sensing region. The concentration
of serotonin is 10 fM added into the KCl bath, and the translocation occurred from bath to tip,
VPO = =500 MV, 1ttt e e ettt e s s e e e et eee b s e s s e eeteaesaa e e e e eeeaaar b eeeas 133
Figure 5-13: The hybridisation of the complementary strand to the nanopore functionalised by
the serotonin aptamer. (a) The change of |-V demonstrated the formation of hybridised
double-stranded DNA inside the nanopore. (b) The rectification I — 500mVI500 mV changed
from negative rectification to almost no rectification, and finally, a slightly positive rectification.
The decrease of the rectification ratio can be attributed to the formation of ds-DNA in a
nanopore, which shifts the negative charge of the attached oligonucleotides away from the
surface. Interestingly, the rectification ratios became slightly less than one (i.e. positive
rectification) at a 500 fM and 5 pM concentration of the complementary strand. A gold
nanopore is expected to have a negative rectification due to the surface absorption of chloride
anions. For the functionalised nanopore system, the linear and extended ds-DNA suppresses
the chloride absorption. Therefore, it exposes more bare gold surface, which is weakly
positively charged®*® and causes a positive rectification. (c) The real-time current traces
recorded from the same device at different concentrations of the complementary strand. A
current blockade was observed that is consistent with the change of I-V. Note that the blockade

current is independent of the concentration. Vpore = 600 mV. The translocation of the
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negatively charged complementary strand occurred from out to in. The complementary strand
of serotonin aptamer was added into the KCl bath........cccevviiiiiiiieiiieee e, 133
Figure 5-14: The single-molecule sensing of neurotransmitters at fM concentration, and the
capability of aptamer-functionalised nanopore bio-transistors to detect non-redox-active
neurotransmitters. The single-molecule detection of serotonin at fM level was illustrated by
the example of (a) serotonin, while the detection of non-redox-active neurotransmitters was
demonstrated by (b) acetylcholine. For both cases, the single-molecule detection was
performed via a voltage dependence of (i) dwell time (toff) and (ii) capture rate (kon), with (iii)
scattered diagrams to demonstrate the distribution of the blockade current and binding time
at Vpore = -500 mV, and (iv) exponential distribution of interevent time (ton) demonstrating
the single-molecule nature of translocation signals. Serotonin and acetylcholine were added
into the KCl bath in all cases. Error bars represent the standard deivation from 3 independent
M EASUNEMEINTS. 1uuieeieeeieettiiiiee et e et ettt e e e e eeeetetata s eeeeeeearasaaseseseeeearessassnssseeesnnnssnnnnssseeernenes 135
Figure 5-15: Further details of the calculation of Kp from single-molecule translocation data.
The voltage dependence of the dwell time (tor) and capture rate (kon) Was extrapolated to
discover the values at which no voltage wasapplied to calculate the Kq and compare it with the
[EEIATUINE VAIUEBS. wiiiieiiieitieeeee ettt e e e e e e e st e e e e e e e e s s nattaeeeeaeseessnnsssanaeaaaaens 136
Figure 5-16: The correlation between the concentration dependence of nanopore
conductance and the single-molecule translocation of serotonin. Increasing the concentration
of serotonin caused the transition from the current enhancement to the current blockade.
Within the range where the nanopore conductance increased with concentration, the current
enhancement was obtained, whereas the current blockade appeared after the plateau was
reached. Vpore = -400 mV and the concentration of serotonin was varied in the KCI bath in all
cases. Serotonin was added into the KCl bath. .....cccuuiiiiiiiiiii e, 137
Figure 5-17: The selective electrochemical response for the gate electrodes of aptamer-
functionalised nanopore bio-transistors. The electrochemical response from (a) carbon
nanoelectrode, (b) gold deposited gate, (c) gold gate functionalised by the scrambled sequence
of dopamine aptamer and (d) gold gate functionalised by dopamine aptamer. The aptamer
functionalised gate generated the most significant electrochemical response. Dopamine was
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Figure 6-1: Summary of key conclusions and future work based on hybrid nanopore bio-
transistors developed in this thesis. Overall, conclusions can be drawn from two different
components of the device. (a) For aptamer-functionalised nanopores, the single-molecule
detection of neurotransmitters was achieved via the target-induced conformational changes
of aptamers functionalised onto the surface of gold. (b) By using aptamers with sufficiently
high affinity with the targets, fM sensitivity can be attained. More importantly, the binding
kinetics and thermodynamics can be extracted from resistive pulse-sensing methods and
correlated with bulk measurements, confirming the robustness of the approach. (c) The
strategy proposed in this thesis has implications on the detection of short fragments of nucleic
acids via the base-pairing interactions between the target and the complementary strand,
suggesting a novel way of detecting important potential biomarkers such as miRNAs. (d) To
truly take advantage of this platform, the electrochemistry of the aptamer-functionalised gate
was incorporated with a significantly broader dynamic range, up to hundreds of micron molar,
from the oxidation of redox-active neurotransmitters. To summarise, a range of detection
methods were integrated into this sensing platform, with different dynamic ranges from fM to

M. Promising applications regarding in-vivo detection of neuron activities can be expected.
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Abstract

This chapter outlines the importance of biosensing and healthcare, and more importantly, how
the development of biosensors is fuelled by single-molecule detection, which has the ultimate
in sensitivity. Among the different single-molecule methods developed to date, nanopore-
based sensing represents one of the more promising methods, mainly due to its label-free
operation. Pore-forming proteins, silicon and quartz can be used to assemble nanopores with
unique chemical and physical properties. A special focus is made on nanopipettes as compared
with biological nanopores and solid-state nanopores as a result of easy and low-cost fabrication
via laser pulling. In addition to the materials aspect, the grand challenges of biosensing using
nanopores are also presented. In this thesis, perhaps two of the most important of these,
controlling molecular transport and enhancing selectivity, are addressed by proposing a novel
strategy to incorporate nanopipette nanopores with chemical modification and field-effect

transistors.
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1.1 Biosensing and healthcare

Detecting and analysing the key building blocks of life, such as nucleic acids, proteins and
neurotransmitters, has been a core driving force for the innovation of biosensors. Essentially,
sensing biomolecules has crucial implications for healthcare, specifically, the early diagnosis of
diseases, sequencing information on the human genome, uncovering molecular activities in
neuron networks, and improving our understanding of the mechanisms of different biological

systems.

To date, an innovative range of biosensing techniques has been developed to fulfil the aims
outlined above. Along with advancements in biological chemistry, surface modification,
molecular recognition, molecular spectroscopy, signal recording and processing, and even data
science and deep learning, biosensing techniques are rapidly advancing — conventional
methods include polymerase chain reaction and enzyme-linked immunosorbent assay. Indeed,
these have formed the basis of most biosensing techniques and although their robustness and
usability have been proved by the number of applications and amount of investment, the
requirement for more time-efficient, cost-effective, sensitive and selective biosensing
techniques has driven the continuous evolvement of novel methods and applications in this

field.1

Outside of pure scientific research, the development of materials processing and assembly
techniques, such as lithography, has also boosted the miniaturisation of sensor components
and ‘lab-on-a-chip’ applications.*> Moreover, the use of miniaturised components and chips
greatly facilitates the commercialisation of biosensing techniques, with some established

examples from PacBio,® Oxford Nanopores’ and lllumina.®
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1.2 Single-molecule detection

As stated in Section 1.1, the miniaturisation of sensor components is on the right course for
aiding the biosensing evolution. The ultimate one can achieve is to reduce the dimensions of a
sensor to the scale of the biological components, to attain the detection of single molecules.
This idea was first mentioned by Richard Feynman in his landmark talk in 1959, with the claim
that ‘there is plenty of room at the bottom’.° Since then, there has been a significant drive to
optimise further or develop conventional sensing techniques such as fluorescent spectroscopy,
1011 syrface-enhanced Raman spectroscopy®® and atomic force spectroscopy!®* to a single-
molecule level. In 2014, Eric Bertzig, Stefan W. Hell and William E. Moerner were awarded the
Nobel Prize in Chemistry based on their work to develop super-resolved fluorescent
spectroscopy for sensing single molecules, originating from one of the first breakthroughs of

the optical detection of a single molecule inside a solid crystal.*

Figure 1-1: Conceptual illustration of ensemble-averaged detection techhiques vs single-molecule
methods. Compared with conventional biosensing technologies such as enzyme-linked immunosorbent
assay, which produced time-averaged properties, single-molecule methods can detect properties and
interactions between each molecule by decreasing the sensing volume to a scale comparable with
single biomolecules. This results in the highest levels of sensitivity and opens up the possibility of
revealing the properties of single molecules that are normally masked by conventional, ensemble-

averaged properties.

While the majority of conventional experimental techniques yield time-averaged population-

based information, single-molecule measurements allow us to investigate, with resolved
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structural and spatial dynamics, how individual members of a molecular population behave
and interact. The challenges associated with probing a single molecule, or the equivalent of
1.66 yoctomole, necessitate sensitive methods that amplify measurement signal, either a
photon flux emitted from a single dye, or, in the case of traditional nanopore sensors, a residual
ion flux passing through a molecule as it transiently occludes the pore void volume.'? Typically,
a small concentration is needed to capture the analytes of interest, and a low detection volume
is required to isolate a single analyte from the background. In most cases, a low-abundance
analyte is extracted from the background and measured in the detection volume. This is
especially salient for improving our understanding of the interactions between individual
biomolecules and has implications for providing answers to complicated questions regarding

biological systems.*16

1.3 Single-molecule detection using nanopores

1.3.1 Single-molecule electrical detection using patch-clamp technologies

Single-molecule electrical methods are predominant in the study of biological molecules and
processes in solution because of their label-free feature.?1”8 The idea can be traced back to
the 1950s, when the concept of the Coulter Counter was introduced based on counting
charged particles in a solution, passing through a small aperture one by one under an applied
potential.’® Later on, in the 1970s, this sensing principle was introduced to biological systems
with patch-clamp techniques, where an extremely fine glass pipette was used to make contact
with the outer membrane of a cell, forming a single ion channel.?° Erwin Neher and Bert
Sakmann were awarded the Nobel Prize in Physiology or Medicine for the innovation of this

technology in 1991.%%
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Figure 1-2: Conceptual demonstration of the patch-clamp recording technology, a glass microelectrode
is inserted into a chamber/bath filled with an electrolyte consisting of K*, Na* and/or Cl" ions. The patch
(recording) electrode connected to an amplifier is inserted into the pipette, another electrode is placed
in the bath acting as a ground. Typically, a voltage clamp mode is used to control the voltage across the
cell membrane, and the resulting current is recorded. Alternatively, the current-clamp mode can be
used where the current passing through the membrane is controlled, and the output is generated in

the form of reversal potentials (Erey).

1.3.2 Nanopore sensing

1.3.2.1 Overview

Nanopore sensing using patch-clamp recordings has largely been motivated by the sequencing
of nucleic acids since David Deamer sketched the concept in which bases of a DNA strand
passing through a nanopore by an applied voltage produced base-specific readouts.?? It took
just under two decades for the first sequential reads of DNA strands using nanopores to be
published,? after which, commercialisation of the nanopore sequencing concept by Oxford
Nanopore Technologies sparked a wide range of applications and interest beyond the
nanopore community.>’ Today, it is rapidly advancing, not only in the context of sequencing
but also in the exploration of other applications, such as biological screening, diagnostics and

the grand challenge of protein sequencing.?#%
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At the core of every single molecule method is the necessity to confine individual analytes in
space and time during the measurement. In traditional optical methods, a ‘virtual’ volume
often defines a region within which molecules can be detected. This is unlike nanopores, where
a molecule is confined in a physical volume. One requirement is that the diameter of the
nanopore is on a scale similar to that of the molecule, to facilitate detection. At the same time,
the nanopore depth or thickness should, ideally, be as thin as possible to maximise the
detected signal. Of course, many challenges have been overcome to achieve the present
potential of the technology, including improvements in the tuning of material properties,
dimensions, selectivity and detection modality. Recent advances of nanopore sensing will be
discussed by introducing different types of nanopores, with a special focus on the use of a
range of different materials including proteins,?®?’ silicon,?®?° quartz,3%3! metals,3%33

polymeric films,3*3> nanowires® and 2D materials such as graphene.?’

Overall, the nanopore field has grand tasks ahead. From a materials perspective, it seeks to
invent novel nanopore architectures and materials, achieve multiplexed detection, high-
throughput analysis, enhanced sensitivity and selective/specific detection. Apart from DNA and
RNA sequencing, the prospects for clinical adoption of nanopore technologies are high, but
most likely, delivery on this promise hinges on more colourful signals than ionic currents alone.
This is, in part, due to the need for detecting small molecular differences in complex biofluids
such as serum, cerebrospinal fluid and urine. Such measurements often require the use of a
‘spectroscopic’ fingerprinting approach rather than the more typical one-dimensional signals

often obtained.

In this thesis, how these materials are enabling novel sensing functionalities were discussed,
and also highlight recent solutions to one of the greatest drawbacks associated with nanopore
sensing: the lack of selectivity. | discuss recent strategies, where the much-needed analyte
selectivity can be achieved via chemical modification of the nanopore material. This happens
through growing areas of research within the community that aim to capitalise on the
advantages of nanopore sensing coupled with other detection modalities such as field-effect
transistors (FETs). Finally, | discuss how this approach was used in this thesis to address the

challenges of nanopore sensing mentioned above.
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(a) Biological nanopores (b) Solid-state nanopores (c) Nanopipettes
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Figure 1-3: Comparison between (a) biological nanopores, (b) solid-state nanopores and (c)
nanopipettes. Biological nanopores normally consist of a pore-forming protein supported by a lipid
bilayer. The diameter of a biological nanopore is determined by the structure of the protein, mostly
around 1 nm. Solid-state nanopores are fabricated by electron beam drilling on a freestanding silicon
nitride membrane on a silicon substrate, generating nanopores greater than 1 nm in size. Other
fabrication methods exist, such as dielectric breakdown and electrochemical etching, addressing the
cost and saving time as compared to the conventional electron beam drilling processes, which are
performed under ultra-high vacuum conditions. Alternatively, a subclass of solid-state nanopores,
namely nanopipettes, can be fabricated by laser-assisted pulling of glass capillaries, which lasts only a

few seconds and produces a pair of nanopipettes with a nanopore size greater than 15 nm.

1.3.2.2 Nanopore sensing —working principle

The principle behind conventional nanopore detection is called resistive pulse sensing. Two
reservoirs filled with an electrolyte (usually a buffered salt solution such as potassium chloride
(KCl), sodium chloride or lithium chloride) are separated by a thin, non-permeable membrane
and linked only via a single nanopore. Electrodes such as silver/silver chloride (Ag/AgCl) are
immersed in each compartment, and a voltage bias across the nanopore is applied over time
(i.e. clamping the voltage), causing a steady-state ionic current flux through the pore. During

an analyte’s passage through the pore (sometimes called translocation), the ionic current
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usually decreases due to hindered access of the ions to the pore volume.?®3° In some cases,
such as double-stranded DNA transport in low salt concentrations, recruitment of mobile
counterions by the DNA backbone to the pore vicinity enhances the ionic current. Other factors,
such as salt concentration and pH, can influence the interplay between the electrophoretic
and electro-osmotic flow. By analysing the different characteristics of the current pulse, such
as amplitude (Al), duration (At) and noise, one can obtain important information on the analyte,
including size, charge, affinity with the nanopore surface and, in some cases, even shape,
dipole moments and sequence. Additionally, the frequency of these modulations informs on

the analyte’s concentration.
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Figure 1-4: Working principle of nanopore sensing. The principle behind conventional nanopore
detection is called resistive pulse sensing. A constant voltage bias is applied across a pore that connects
two reservoirs filled with electrolytes separated by a non-permeable membrane. (a) In most cases, the

applied bias from a pair of Ag/AgCl electrodes in KCl causes a steady-state ionic current to flow through
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the pore as the resistance of the nanopore is greater than the electrolyte resistance. As a result, most
of the potential field gradient is focused at, or close to, the pore. lons, and any other charged molecules,
are therefore translocated through the pore across the membrane, driven by this potential gradient.
(b) When a charged molecule is transported through the pore, the ionic current is either enhanced (as
in most cases) or blocked as part of the nanopore volume previously occupied by ions is replaced by
the translocating molecule. (c) The steady-state current is recovered after the translocating molecule
exits the pore. Examples of ionic current traces showing single-molecule translocation of the analyte
are shown in (d). Definition of terms in the equation to estimate the current from a cylindrical nanopore:
io : open pore current, u: electrophoretic mobility of ions, n: the number density of ions, d is the

diameter of nanopores, | is the thickness of nanopore, Vyissis the applied voltage.

1.3.2.3 Biological nanopores

Starting from biological nanopores, the unique structural feature of pore-forming proteins (e.g.
a-haemolysin, MspA, CsgG and FraC) offers excellent channel length and nanopore size at
nanoscale in a reproducible manner by inserting them into supporting lipid bilayers. Therefore,
biological nanopores have found a plethora of applications, such as the high throughput
sequencing of nucleic acids, and have even been commercialised by Oxford Nanopore
Technologies. The fixed nanopore size in a sub 5 nm regime opens up different possibilities for
resolving small molecular differences such as different lengths and sequences of
homopolymers,*94l single DNA methylation,*? protein sequencing? and conformational
analysis.*> While the robustness of proteins and lipid bilayers represents a general challenge
for biological nanopores, part of this limitation has been solved by inserting proteins into

polymeric membranes for improving their stability.**

1.3.2.4 Solid-state nanopores

Along with the advancement of processing techniques for solid-state materials over the last
two decades, solid-state nanopores, which have the advantages of robustness and stability,
are being developed. Comparable to biological nanopores where the amino acid composition
of pore-forming proteins can be changed to vary the surface charge, solid-state nanopores also
offer the flexibility of pore size, tuneable surface charge and functionality via chemical or
physical modification.324>4¢ Moreover, the solid-state approach makes it possible to integrate

with other external forces and fields to pre-concentrate analytes at the mouth of nanopores,
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heightening sensitivity towards sub-pM regimes.*” To combine the robustness of solid-state
materials with the precise structural engineering of pore-forming proteins, a protein pore can
also be inserted into a solid-state nanopore for the discrimination of different types of

biomolecules.*®

1.3.2.5 Nanopipettes

In recent years, the emergence of a subclass of solid-state nanopores, namely nanopipettes,
has initiated a range of studies, particularly in the area of what might be achieved beyond a
single nanopore. Their fabrication can be performed via laser-assisted pulling of
quartz/borosilicate capillaries, which are significantly cheaper and more time-efficient than the
e-beam lithography fabrication of conventional solid-state nanopores. Moreover, the conical
geometry of nanopipettes makes it possible for them to be inserted into cells for different
biopsy applications.*®*° The single-barrel nanopipettes have demonstrated their excellent
potential for single-molecule detection, with some examples using molecular carriers to sense
proteins in complex biological media.3**! Importantly, the incorporation of multi-barrel
capillaries opens up the possibility of joining multiple pores together, even with only tens of
nanometres’ separation. Inspired by the pioneering work on scanning ion conductance
microscopy and scanning electrochemical microscopy,”®>® a range of novel applications
relating to the optimisation and controlling of single-molecule translocation have been
developed based on double and multiple nanopipette architectures, such as single-molecule

‘tug of war’,>*°> tuning translocation speeds and capture rates.3%3

1.3.2.6 From protein pores to hybrid pores

While protein nanopores have been constantly innovated for numerous sequencing and
sensing applications, their precise structural engineering at the atomic level is still being
envisaged for novel molecular assembly of nanopore architectures such as Rosette
nanotubes®®. Similarly, other biological components such as DNA can also be used to assemble
a range of nanopore architectures, with examples including using unique DNA nanoscalffolds

to assemble nanopores with rationally engineered shapes and properties®’™°.

Not only from the structural perspective, the robustness of those unique pore architectures

afforded from biomolecular assembly could be enhanced by insertion into solid-state or
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polymeric membranes, originating from hybrid pore formation by directed insertion of a-
haemolysin into solid-state nanopores. ®*More recently, this insertion approach was extended
beyond typical pore-forming proteins to thermostable viral portal proteins*® and DNA

origamis®?, with single-molecule sensing capability established down to ssDNA and peptides.

1.3.2.7 Chemical modifications for selective sensing
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Figure 1-5: Examples of chemical modifications for both biological nanopores and solid-state nanopores.
(a) Biological nanopores can be modified by attaching aptamers at the pore lumen. Note that as the
size of aptamers and targeted analytes is much larger than the diameter of biological nanopores, the
current fluctuations are caused by the blocking and unblocking of the nanopore entrance from the
aptamer and aptamer-target complex. Therefore, interactions between aptamers and targeted
analytes can be monitored by analysing the switching of different current levels, corresponding to
on/off states where the nanopore is blocked and unblocked by an aptamer-target complex.?® (b) Protein
receptors can be attached to the surface of solid-state nanopores. Selective single-molecule detection
of proteins is achieved by the complexation chemistry between receptors and proteins.®? (c) To

combine the robustness of solid-state nanopores with the precise structural engineering of biological

40



nanopores, pore-forming proteins can be inserted into solid-state nanopores. A successful insertion

causes a decrease of nanopore conductance and nanopore current.®

Nanopore sensing is an exceptionally versatile tool for the detection of biological analytes at
the single-molecule level; however, this is generally not considered a selective detection
strategy. Any molecule that can be electrokinetically driven through the nanopore can disrupt
the flow of ions and produce a signal. The similarity in signal is particularly problematic in the
discrimination of proteins, and it is essential to solve, in nanopore platforms, for the
fingerprinting of individual biomarkers and for screening complex biological fluids such as
serum, urine or cerebrospinal fluid. For example, human serum contains thousands of proteins
in a broad range of concentrations, and the ability to detect a single protein type within this
mixture, especially at low concentrations, is critical for diagnostic and screening applications.
Extensive efforts have been made to address this fundamental limitation by incorporating a
selective component to the detection modality. To date, nanopore selectivity has been
achieved via two routes: 1) functionalising the nanopore with a receptor tailored for a specific

analyte; and 2) introducing probes into the solution that can “fish out’ the molecules of interest.

Some of the earlier attempts to achieve selectivity relied on chemical means to modify the
nanopore surface, whether biological®3®° or solid-state.®® One common strategy was the use
of DNA aptamers.?® Aptamers are nucleic acids that bind to target molecules with high
specificity and affinity. Unlike antibodies, aptamers can be efficiently designed and selected to
work in a range of buffer and pH conditions.?”.% One of the first instances was the attachment
of a thrombin-binding aptamer to an a-hemolysin pore. Thrombin, a biological enzyme with a
crucial role in physiological and pathological coagulation, has been extensively used for the
development of aptamer-based therapeutics and diagnostics, in large part due to the system
being exceptionally well studied.®® The DNA aptamer was covalently attached through a
disulphide bond to a single cysteine residue near the opening of the pore. In this case, on
binding to the thrombin, the nanopore opening could be switched on or off by the DNA formed
cation-stabilised G-quadruplex (secondary structures of nucleic acids that are formed by G-rich
sequences), altering the ionic current. Although biological pores are not always as easy to
modify as their solid-state analogues, they have the advantage that it is relatively easy to

precisely control the site modification of the pore along with the number of receptors that can
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be incorporated.?®’ Alternatively, in solid-state nanopores, functionality can be incorporated
via the design of biomimetic platforms such as those incorporating single protein receptors via
a thiol-terminated self-assembled monolayer. Wei et al.®? demonstrated metallised silicon
nitride nanopores chemically modified with nitrilotriacetic acid receptors that allowed for the
reversible binding and unbinding of the proteins to the receptors observed in real-time.
Although the functionalised site of the nanopore (the receptor) was arbitrarily located on the
nanopore surface, it was possible to quantitatively determine the intrinsic binding strength

(dissociation rate) of a molecular interaction from voltage-dependent measurements.

1.3.2.8 Sensor multiplexing

Although great strides have been made to improve selectivity and sensitivity in nanopore
measurements, the time a molecule spends inside the detection volume ultimately governs
how accurately a target/probe complex can be detected. A strategy first implemented by
Gershow and Golovchenko was to read a translocating molecule repeatedly through a single
pore by rapidly reversing the bias.”* Using this strategy, it was possible to read the same
molecule up to 12 times over 250 ms. Although this was not used for the detection of a
particular biological target, it opened the door to developing double nanopore platforms for
performing electrophoretic time-of-flight measurements by determining the time it takes for
a molecule to transit through two nanopores spaced 1.5 um apart.’”> More recently, there have
been extensive efforts to reduce spacing down to gap sizes of 10 nm in order to improve the
capture and recapture efficiency.”*’374 It was shown that with such small gaps, a molecule
could be recaptured, and even stalled, with near 100% efficiency. This paved the way for using
such devices to perform targeted sensing with heightened sensitivity. Furthermore, the
slowing down facilitates recording the translocations at lower bandwidth and hence improving
the signal to noise. Building on this strategy, Liu et al.”* showed that it is possible to not only
sense the same molecule but also use molecular carriers to detect monovalent streptavidin
bound to the DNA. This strategy could be used to detect more biologically relevant molecules
and, potentially, even be used with fluids such as serum. Perhaps the most well-established
multiplexing strategy can be traced to nanopore sequencers from Oxford Nanopore
Technologies, where there are hundreds of active nanopores in a commercially available flow

cell.
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1.3.2.9 Alternative detection strategies

While electrical sensing provides excellent temporal resolution and wealthy details about
analytes at the single-molecule level, alternative detection strategies are being developed to
enrich the single-molecule information that can be obtained from conventional electrical
sensing and multiplexing nanopore detection. Charge-based and capacitance-based
Field-Effect Transistor (FET) detection can be integrated with nanopore sensing using FET-
coupled nanopores. Furthermore, photon-based detection has been increasingly used to
eliminate false positives when sensing proteins using molecular carriers,”> giving more
positional information for both targeted analytes and nanopores,’>’® detecting vibrational

information’’ and, in some cases, the sequence information.”®
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Figure 1-6: Summary of different approaches for nanopore FETs. Solid-state nanopores can be
integrated with FETs by incorporating a drain-source channel above the nanopore. In most cases,
synchronised electrical recording is achieved via two independent amplifiers from the nanopore and
FET channels, respectively. Representative examples are demonstrated via (a—b) a Si nanowire®® or (d—
e) graphene nanoribbon nanopores®®® for synchronised detection of single-molecule DNA

translocation. The scale bars are 10 nm for the Si nanowire and 5 nm for the graphene nanoribbons.
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The single-molecule translocation can be synchronised from resistive pulse sensing in a nanopore
channel, and either through capacitive coupling or gated by the charge of the translocating molecule
from the FET channel (i.e. drain-source) (c, f). This process could be modelled by a nanopore overlaid
with the resistance from both cis and trans chambers, as well as the resistance from the nanopore. A
portion of the FET channel is coupled with the nanopore, so that the FET channel in the cis region is
coupled to the voltage set at the bottom Ag/AgCl electrode, resulting in a localised potential change
around the nanopore. The potential falls as 1/r away from the nanopore where r is the distance from
nanopore opening.’* The inset is a schematic of a nanopore-FET electrical circuit. In this type of devices
the source-drain is either Si nanowire or graphene nanoribbons. (g) More recently, a novel class of
nanopore-FET devices was constructed from dual-barrel nanopipettes, with drain-source being the
empty barrel of a nanopipette and gate being gold or polypyrrole electrode. One barrel was selectively
filled with carbon via pyrolytic deposition from butane, forming a carbon nanoelectrode at the tip, and
an empty barrel was used as a nanopore. (h) Gold can be electrochemically deposited on the carbon
nanoelectrode and functionalised with a thiolated species for use as a gate to modulate single-molecule
DNA translocation from a nanopore.?? (i) In a similar way, the gate is also fabricated by
electropolymerisation of pyrrole, and artificial receptors embedded within the polymeric film for

selective single-molecule sensing of targeted analytes.®

1.3.2.10 Nanopore field-effect transistors

Similar to nanopores, FET sensors are highly versatile for the label-free detection of biological
species in solution, or complex biological media. Examples include Si nanowire,”?%° graphene?!
and carbon nanotubes.®? The detection principle is based on monitoring the change of the
source-drain conductance or transient changes in the gate conductance after affinity-based
binding between the analytes and the transistor surface. Although promising, like most sensors,
analyte detection is diffusion-limited. Furthermore, the active sensing volume is limited by the
Debye screening length. Different approaches have been developed to address these issues,
including working in a dilute electrolyte, which effectively increases the Debye screening length,
and functionalising transistor channels with small receptors, such as aptamers®® and

antibodies,?* facilitating the detection of proteins®! and viruses.®>

Integrating nanopores with FETs by confining charged analytes in a nanoscale pore offers

advantages including enabling active transport to the FET. Nanopore integration can be
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achieved via the incorporation of nanowires, graphene nanoribbons and gold electrodes
aligned to the pore lumen. Operationally, detection between both the FET and the nanopore
channels can be synchronised, as has been shown for the detection of DNA and nanoparticles.
The synchronisation mechanism is based on either capacitive coupling®®®’ or electrostatic
gating3®8890 35 3 result of a change in local potential at the gate electrode during DNA

translocation, or gating by the charge of the translocating molecule (Figure 1-6 a—e).

The concept of ionic FETs combined with nanopores was first demonstrated by Nam et al.,! in
which electrode-embedded nanopore structures were fabricated by e-beam lithography and
atomic layer deposition. lonic transport in sub 10 nm nanopores can be effectively manipulated
by using electrodes embedded in the membrane. Building on earlier work, controlling analyte
transport across nanopores was also realised for the single-molecule translocation of DNA.
More recently, double-barrelled nanopores have been used to control single-molecule
transport via the integration of a gate electrode. Xue et al.?? showed that it is possible to
combine the unique advantages of nanopores and FETs and that these hybrid sensors have
perfectly aligned nanopore and FET components, making it possible to detect molecular events
with near 100% synchronisation. Surface functionalisation of the gate electrode was shown to
be capable of fine-tuning transport properties, enabling more active control over the
translocation velocity and capture rates (Figure 3d-f). Such an approach can be used in
combination with aptamer- and antibody-modified surfaces, to selectively target different
proteins and even small molecules such as neurotransmitters, which are exceptionally
challenging to detect using conventional nanopore platforms.? Although currently, there is
still some room for improvement, the ultimate aim is to make full use of the potential and
harness the unique advantages of both techniques to extract molecular fingerprints, and

possibly, perform sequencing for a range of analytes.
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1.4 Thesis outline
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Figure 1- 7: Thesis outline in terms of the fabricating workflow of nanopore FETs based on dual-barrel
nanopipettes. One barrel is selectively filled with carbon via pyrolysis of butane while another barrel
remains empty, forming a carbon nanoelectrode and an open nanopore at the tip. Gold can be
deposited on the surface of carbon nanoelectrode and shrinks down the nanopore by a feedback-
controlled mechanism. The gold-deposited devices are functionalised by two different types of
thiolated species. (d) Small organic molecules can be used to switch the surface charge of a nanopore,
controlling single-molecule transport using a chemically modified nanopore-FET. (e) Thiolated
oligonucleotides can be encoded onto the surface of gold to enhance the selectivity towards different

targeted analytes such as proteins and small molecules.

To address two of the most important challenges outlined above, controlling single-molecule
transport and enhancing selectivity, we present a new fabrication strategy for efficiently
designing and aligning a sub-30 nm nanopore to a gate electrode to control molecular
transport at a single-molecule level. Rapid fabrication was achieved by controlled
electrodeposition of gold onto a nanoscale carbon electrode formed inside one of the barrels
of a double-barrel nanopore/nanopipette. lon current feedback was used to fabricate the gold
gate electrode localised at the nanopore opening while monitoring and tuning the pore

conductance in real time. | show that single-molecule events can be detected in both nanopore
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and gate channels with enhanced sensitivity and up to almost 100% synchronisation.
Furthermore, voltage gating, as well as surface functionalisation (Figure 1-6 ¢, d), can be used
to tune the nanopore surface charge, and, in turn, to switch on or off, or to accurately control
the rate of single-molecule transport. The results demonstrate that these hybrid
nanopore—FET devices can be readily used to control molecular transport by tuning nanopore

charges both electrically and chemically.

Primarily, nucleic acid aptamers have been used as artificial receptors to increase the
sensitivity and selectivity of both nanopores and FETs. Selected from the systematic evolution
of ligands by exponential enrichment (SELEX) processes, high specificity and affinity afforded
from unigue molecular conformations allows the selective recognition of a target with
enhanced sensitivity. In this thesis, | propose a strategy to combine the advantages of
nanopore sensors, aptamer molecular recognition chemistry and FETs (Figure 1-6 e). For
example, nanopores can be functionalised with aptamers to target specific analytes, and this
can be further combined with voltage gating to control the physical interactions between
analytes and receptors. We have previously demonstrated routes towards the fabrication of
hybrid nanopore-FET systems for simultaneous single-molecule detection and manipulation.
In the present work, we build on these concepts for the selective sensing of small
neurotransmitter molecules, including dopamine, serotonin, and acetylcholine. Compared
with existing approaches for selective detection at low concentrations, our strategy has the
advantages of no need for sample pre-treatment and freedom from any external applied fields
or forces to pre-concentrate analytes at the entrance of nanopores, thus enabling easy
operation; in particular, stem-loop aptamers attached to the surface of the nanopore, enabling
ligand-induced conformational rearrangements in close proximity to the nanopore surfaces.
The single-molecule detection of neurotransmitters can be achieved at fM level, which is 6-9

magnitudes lower than the conventional electrochemical or optical methods.
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2.1 Introduction

The fabrication of nanopore-FET sensors consists of laser pulling, pyrolysis of butane,
electrochemical deposition of gold and surface functionalisation by thiolated species.
Nanopore experiments were conducted using fabricated sensors. This chapter will provide
detailed methodologies for sensor fabrication and single-molecule detection using nanopore-

FET sensors optimised over the course of this PhD work.

2.2 Laser-assisted pulling of nanopipettes

Quartz nanopipettes are preferred over conventional solid-state nanopores and biological
nanopores mainly because of the ease of fabrication. Laser-assisted pulling of quartz capillaries
is more efficient and less expensive than e-beam drilling of a solid-state membrane. Moreover,
the chemical and physical stability of quartz are advantageous compared to conventional
biological nanopores and supported lipid bilayers. Prior to laser pulling, all quartz capillaries
were cleaned in a plasma cleaner (Harrick) for half an hour to remove any organic
contaminants present on the surface. Similar to fabricating single-barrel nanopipettes, dual-
barrel nanopipettes were fabricated from double-barrel theta quartz capillaries (Friedrich &
Dimmock, Inc.; 1.2 mm outside diameter x 0.90 mm inside diameter x 100 mm length) using a
P-2000 laser puller (Sutter Instruments). Detailed pulling parameters and their definitions are
shown below. By using a set of custom-made pulling parameters developed in-house!=, the
established protocol can be used to fabricate dual-barrel nanopipettes with a diameter ranging
from 50 to 100 nm across each barrel. It should be noted that the pulling parameters are

device-specific and are sensitive to variations in humidity and temperature.
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laser-assisted pulling

MODEL P-2000

Figure 2-1: Schematic demonstration of laser-assisted pulling processes. (a) Overview of a P-2000 laser
puller (Sutter Instruments, USA). (b) After laser-assisted pulling, a pair of nanopipettes were fabricated.
Details of the two-line laser pulling protocol: In the first line, (c) the laser beam locally heats the centre
of a theta quartz capillary and then deactivates, followed by pulling on both ends to produce (d) a taper
in the middle. (e) The second line generates additional heat which melts the taper, and a hard pull

results in a pair of dual-barrel nanopipettes.

(1) Heat: output power of the laser used to heat the middle of quartz capillaries. It defines
the amount of energy supplied to the middle of the capillary.

(2) Filament: this parameter sets the scanning pattern of the laser, including longitudinal
scanning length and rate of scan.

(3) Velocity: the velocity at which the pulling bar must be moving before the hard pull of
the capillary to produce a pair of nanopipettes.

(4) Delay: the time interval between the deactivation of the laser and the hard pull.

(5) Pull: the force of the hard pull.
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Heat Filament Velocity Delay Pull
Line1l 840 4 30 160 80

Line 2 870 3 20 160 140

Table 2-1: Detailed settings for the protocol for pulling dual-barrel nanopipettes. The first line results

in a taper in the middle of the capillary, and the second line produces a pair of nanopipettes.

2.3 Selective pyrolysis of butane

(a) Pyrolysis of butane (b)
Glass capillary Blu Tack Rubber tubing
Argon —e- —Al coon Q
. 200 pim| 50 nm

Butane torch

() (d)

Carbon/Cu wire Cu
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contact wire
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e
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Ag
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Figure 2-2: Pyrolysis of butane. (a) Schematic illustration of the experimental set-up for pyrolytic
deposition of carbon. Butane was passed through one barrel via silicon tubing while the other barrel of
the nanopipette was sealed. A butane torch was used to heat the tip of the pipette for pyrolytic
deposition of carbon under argon flow to prevent further oxidation of the deposited carbon. A heating
time of 35 s was chosen to produce an extensive filament of amorphous carbon through one barrel
while leaving the other barrel open. (b) Bright-field micrographs show a change in contrast between a
dual-barrel nanopipette before (left) and after (middle) carbon deposition and an SEM image (right) of

a dual-barrel nanopipette before carbon deposition. (c) Photo of the set-up for pyrolytic deposition of
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carbon. The flowrates of argon and butane were monitored by the two flow meters labelled in the
photo. The dual-barrel nanopipette was mounted on the holder first and moved inside the argon tubing
to prepare for carbon deposition. (d) Schematic visualisation of the electrical contact in a dual-barrel
nanopipette with one barrel filled with carbon. The deposited carbon extends up to ~60% of the length
of the nanopipette barrel. However, only the section at the taper of the nanopipette is extensively filled
with carbon. The pyrolytic carbon is mostly deposited on the inner walls of the barrel to form a carbon
layer. A copper wire was inserted into the carbon barrel so that it is embedded into the bottom section

just above the taper directly contacting the deposited carbon.

To selectively deposit carbon in one barrel of the nanopipette while leaving the other barrel
open, one barrel of the freshly pulled dual-barrel nanopipettes was filled with Blu Tack (Bostik),
and the other barrel remained sealed. Using the set-up shown in Figure 2-2, butane was
selectively passed into one barrel only. Pyrolysis was induced by directing the butane flame
from the torch. The butane was thermally decomposed to produced amorphous carbon and
carbon dioxide. Note that the black colour of the carbon could be visually distinguished
immediately upon igniting the flame. Furthermore, the flame temperature of butane is lower
than the softening temperature of the quartz so that the nanopore was not closed during
pyrolysis.** All nanopipettes were freshly prepared on the day of the experiments and stored

in a sealed petri dish until use.

2.4 Electrochemical fabrication of nanopore-FET devices and
characterisation

2.4.1 Feedback-controlled deposition of gold

Controllable gold deposition on a nanoscale is a prerequisite for the electrochemical
fabrication of nanopore-FET devices. In contrast to conventional methods for gold deposition
using auric chloride or gold cyanide, the electroplating solution (ECF64D, Metalor Technologies)
containing gold sulphite (pH ~10) was used here as it is much less toxic and corrosive.®” The
electrodeposition of gold on the surface of the electrode occurs as a two-step process via the
absorption of the dissociation of the gold (I) complex on the electrode surface and the

reduction of the absorbed gold (I).
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Figure 2-3: Schematic of the electrochemical set-up of feedback-controlled gold deposition. Two
working electrodes (WEs) were placed in the carbon barrel and the open barrel, filled with the
appropriate supporting electrolyte, with a quasi-reference counter electrode (QRCE) in the plating bath.
A reducing potential was held at the first WE. Importantly, a potential difference of -0.1 V between the
second WE and QRCE was used as feedback.

A bipotentiostatic configuration (Figure 2-3) was used to perform electrodeposition of gold on
the carbon electrode using a CHI 760 C potentiostat (CH Instruments). A 10-fold diluted ECF64D
(Metalor Technologies) plating solution containing 4.4 mM NH4AuSO3 in 52 mM (NH4),SO3 was
used to fill the plating bath. To establish electrical contact with the carbon electrode, a 0.25
mm diameter copper wire (Goodfellow) was inserted into the carbon barrel. Because of the
instability of AgCl in ECF64 (amine complexation), a 0.125 mm diameter Ag wire (Goodfellow)
was chosen for both the working electrode inside the open barrel and the quasi-reference
counter electrode (QRCE) and verified to be stable in the plating solution by potentiometry
measurements. A potential of -0.73 V (vs QRCE) was held at the carbon electrode to reduce
the gold from the plating solution. Meanwhile, a potential difference of -0.1 V was applied
between the second WE and the QRCE, to monitor in real-time the ionic current flowing
through the open barrel filled with 52 mM (NH4),SOs. Notably, a low voltage was chosen to

minimise the possible interference with the deposition process.
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2.4.2 Characterisation of nanopore-FET devices

Before and after deposition, cyclic voltammetry (-0.5 to 0.5 V, scan rate 0.05 V/s, sampling
interval 0.02 V) of the second WE was performed to extract the change of conductance. After
deposition, the open barrel was rinsed with water to minimise contamination. To avoid salt
crystallisation at the tip, all nanopipettes were stored in a sealed vial filled with deionised water

until use.

Capacitance measurements were performed using a three-electrode configuration on a Gamry
Reference 600 potentiostat, with deposited gold as the working electrode. An Ag/AgCl
electrode was used as the reference electrode. The counter electrode was a Pt wire
(Goodfellow). Differential capacitance versus potential curves was obtained by impedance
measurements at varying direct current potentials in the presence of a small 10 mV, peak-to-
peak alternating current perturbation at a constant frequency of 10 Hz for the gold-deposited

electrode and 500 Hz for the amine-functionalised electrode.

2.5 Surface functionalisation of deposited gold

o sy

H,0

Scheme 2-1: Surface functionalisation of deposited gold. Thiolated small molecules can be attached to

the gold surface. Methanol was used as the solvent as it solubilises most organic molecules and
simultaneously encourages the wetting of the nanopore surface. Modification with thiolated oligos was

performed in DI water because it fully wets the nanopore and solubilises thiol-modified oligos.
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2.5.1 Functionalisation with small organic molecules

As gold can easily be functionalised via self-assembly of thiolated species, different types of
functionalising agents have been used to modify gold. In this thesis, gold was modified by either
small organic molecules possessing different charges or by oligonucleotides. For the
modification with small organic molecules, gold-deposited nanopipettes were rinsed with
acetone and methanol to remove any surface contaminants from the plating solution. The
open barrel was filled with the corresponding solvent during rinsing followed by immersing the
pipettes in a 5 mM solution of the functionalising agent in methanol. As the gold-deposited
nanopipettes were stored in DI water until functionalisation, methanol was chosen as the
solvent because it is miscible with water and solubilises most of the organic molecules. Prior
to the DNA translocation experiments, the open barrels of the functionalised nanopipettes
were washed with methanol and water to remove any remaining thiol that had diffused into
the open barrels during functionalisation. All nanopipettes were freshly functionalised one day

before use and used only once for translocation experiments.

2.5.2 Functionalisation with oligonucleotides

In addition to small molecules, gold can be functionalised with oligonucleotides. Thiol-modified
oligos were purchased with the addition of the thiol modifier C6 S-S on the 5’ end. An aqueous
2 uM solution of thiol-modified oligonucleotides (Integrated DNA Technologies) were treated
with a 100-fold excess of tris(2-carboxyethyl)phosphine (TCEP, Thermo Scientific) and gently
mixed for three hours before use to deprotect the disulfide bonds (Scheme 2-2). Prior to
functionalisation, the open barrels of the gold-deposited pipettes were rinsed with H,0. The
pipettes were then bathed in the resulting solution for 12 h resulting in the attachment of thiol
modified oligos to the gold. Before the translocation experiments, the open barrels were rinsed

with H,O to remove any remaining thiols within the pipettes.
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Scheme 2-2: Deprotection of disulfide bonds using TCEP. Thiol-modified oligos protected with a C6 S-S
modifier were treated with 100-fold molar excess of TCEP to form reactive-thiol oligos that can be
attached to the surface of gold through thiol-gold self-assembly. The surface of the gold was modified

by the oligonucleotide with a C6 spacer linked in between.

2.5.3 Electrochemical characterisation

To systematically characterise the functionalisation of the gold nanopore, I-clamp
measurements were performed to extract the information on nanopore conductance and
rectification from the nanopore I-Vs. As nanopores of similar diameter already exhibited ion
selectivity®, I-clamp measurements were completed to reveal the change in nanopore surface

charge.
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2.6 Single-molecule translocation experiments

2.6.1 Solutions and reagents

Different solutions of analytes were prepared by serial dilution from a known stock
concentration (10 kbp DNA, New England Biolabs, 500 pg/mL; human a-thrombin, Invitrogen,
RF43100, 6.6 mg/mL, 50% water, 50% glycerol; dopamine, Sigma-Aldrich; serotonin
hydrochloride, Fluorochem; acetylcholine chloride, Sigma-Aldrich). All stock solutions were
stored in a freezer and freshly prepared before the experiments. Nuclease-free water

(Integrated DNA Technologies) was used as the solvent for all solutions.

Electrolyte solutions of different concentrations (1 M, 100 mM, 50 mM and 10 mM KCI) were
prepared in 10 mM tris and 1 mM EDTA buffer at pH 8. Before the translocation experiments,
all solutions were filtered using a 0.2 um filter (Millipore, UK) to remove any insoluble
impurities that might interfere with the nanopore experiments. The prepared solutions were

injected into the nanopipettes using a 0.2 mm Microfil needle (World Precision Instruments).

2.6.2 Electrochemical configuration

As the ionic current flowing through the nanopore under different electrolyte conditions
ranges from pA to nA, translocation experiments were recorded using a Multiclamp 7008
amplifier (Molecular Devices, USA). The recorded data were digitised using an Axon Digidata
1550B. The experimental data were recorded using the pClamp 10.6 software (Molecular
Devices). Freshly chlorodised Ag/AgCl wires were used as working electrodes in the barrels and
as the reference/counter electrode in the bath to the ionic currents using the electrochemical

reactions specified below:

Cathode: AgCl +e- 2> Ag + CI
Anode: Ag +ClI" 2 AgCl + e-

Scheme 2-3: Electrochemical reactions on the surface of Ag/AgCl electrodes.
2.6.3 Data analysis

Data analysis was performed using a custom Matlab nanopore app developed in-house by Prof.

Joshua Edel. The code enables the identification and analysis of each individual event. Based
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on the ionic currents recorded using the Multiclamp amplifier, the baseline current was
calculated for every X data points. The baseline threshold was set equal to or higher than six
standard deviations. Any peaks above the threshold were identified as translocation events,

and the statistics of translocation events were extracted and analysed.>?

Step 1: Data loading, baseline fitting and identification of translocation peaks
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Figure 2-4: User interface for the nanopore app when loading the raw data from Clampfit. After loading
the raw data as an ABF file from Clampfit, the output was generated as applied voltage across the

nanopore and the resulting ionic current.

Initially, the raw data from Clampfit were loaded into the Nanopore App. The baseline current
was then fitted by a moving window average for every X data points. This was defined by steps

in the baseline fitting tab. The longer the step, the rougher the fitted baseline is. For current
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recordings with more baseline fluctuations and noise, a much longer step, higher poly 1 and
lower poly 2 are preferred since these fitting parameters pick up less noise and random
fluctuations of the baseline. The current trace was baseline-adjusted with reference to the
fitted baseline. Therefore, the all-point histogram of the adjusted trace reveals different
current levels that correspond to the baseline, unfolded DNA translocation and folded DNA
translocation, respectively. As different current levels are well defined, a standard deviation
(std) can be set to ensure all peaks for single-molecule translocations were detected correctly.
The baseline current was fitted by a Gaussian distribution as shown in Figure 2-5 to identify the

threshold. The std was set to slightly above the threshold in order to recognise all translocation

events.
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Figure 2-5: Baseline fitting using the Nanopore App. The current trace was flipped and then fitted by a
Gaussian distribution function, with adjustable steps and two different polynomial factors. This was
followed by defining a standard deviation relative to the fitted baseline. Determining the standard
deviation was aided by fitting all points on the histogram of the current trace with a Gaussian function.
In this case, three different peaks were found, which correspond to the baseline noise and folded and

unfolded single-molecule DNA translocations. Therefore, the standard deviation was set to detect all
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translocation peaks correctly by placing it between the boundary of the baseline current and the

unfolded translocation peaks.

Step 2: Accumulating single-molecule statistics
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Figure 2-6: Single-molecule detection of 10 kbp DNA using nanopipettes, with the patch electrode
(working) in the pipette and the bath electrode (reference/ground) in the KCl bath (100 mM KCI, 10
mM Tris and 1 mM EDTA at pH 8) and 400 pM of 10 kbp DNA added in the nanopipette. (a) Under

negative potential, single-molecule translocation of DNA happens from inside the nanopipette to the
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KCI bulk solution. The representative current traces are shown from -300 to -700 mV. (b) From the
single-molecule statistics extracted and accumulated by the nanopore app, the distribution of dwell
time, equivalent charge and blockade current at -400 mV is summarised in the histograms. (c) A 2D
heat map demonstrates the distribution of the blockade current versus dwell time. (d) The stochastic
nature of single-molecule DNA translocation was confirmed by the exponential fitting of the interevent
time, obtaining a 5.94 s capture rate. The utility of nanopipettes for single-molecule detection of 10
kbp DNA was established by the voltage dependence of (e) dwell time, (f) blockade current and (g)
capture rate. As the single-molecule translocation becomes faster, there is a larger current modulation

resulting in more events being captured.

Examples of translocation traces for 10 kbp DNA at -400 mv are shown in Figure 2-6 a. Single-
molecule translocation of DNA is revealed as downward spikes for current enhancement. For
individual events, representative examples in Figure 2-6 a demonstrate the discrete

modulation of ionic current due to the translocation of a single DNA molecule.

To accumulate the statistics at the single-molecule level, the distribution of dwell time and
blockade current was fitted by the Nanopore App using a Gaussian distribution (Figure 2-6 b-

c). In some cases, a Ling distribution was used with the details shown below:

—(L-vt)2 )
e 4Dt Equation 3

F(t) - 4mDt3

In this equation, L is the contour length of DNA, D is the diffusion coefficient, and v is the DNA

drift velocity.

In this example of the translocation of 10 kbp DNA across a single-barrel nanopipette at -400
mV, the value of dwell time was fitted as 0.35 + 0.13 ms, closely matching the literature values
for a single-barrel nanopipette with a similar pore diameter as reported by Sze et al. and Gong
et al. Assuming a maximum-extended contour length of 3.4 um for 10 kbp DNA, the
translocation velocity was calculated to be 9.7 mm/s, agreeing with the values reported by Li
et al.’? and Gong et al.'' Note that this model assumes the DNA is fully extended in the
electrolyte solution. In reality, hydrogen bonding and hydrophobic effects will cause different

base pairs to preferentially stack together.

From the statistics for single-molecule translocation events, the blockade current was obtained
as 56.5 + 8.1 pA; the excluded charge for each translocation event can be calculated by

integration with time (17.5 + 4.0 fAs). Furthermore, a 2D plot of blockade current vs dwell time
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is summarised in Figure 2-6 c. Most DNA translocations were occurred in one population

centred around the highlighted region.

The single-molecule translocation studies were performed with increasing voltage. As

expected, dwell times were found to decrease with voltage while the blockade current

increased with more translocation events being captured, meaning that the nanopipette is

promising for single-molecule detection of DNA.
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Chapter 3

Controlled Fabrication of nanopore-FET devices
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Abstract

This chapter presents a novel and straightforward method for the controlled fabrication of
nanopore-FET devices, namely feedback-controlled electrochemical deposition of gold. Based
on a dual-barrel nanopipette consisting of a carbon-filled barrel and an open barrel, a
bipotentiostatic configuration was developed to controllably deposit gold by monitoring the
real-time ion current feedback and to address the alignment between the nanopore and FET
components. Furthermore, nanopore conductance was demonstrated to be precisely
controlled by terminating gold deposition at a pre-set threshold for the feedback current. The

fabricated devices were characterised by dark-field microscopy, SEM and TEM.
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3.1 Introduction

3.1.1 General background

Fabricating conventional nanopore-FETs based on solid-state nanopores consists of advanced
electron beam and lithography techniques, which increase the complexity, time and cost. This
is further compounded by the prerequisite that the nanopore and FET components must be
precisely aligned.>? In recent years, the emergence of dual-barrel nanopipettes for single-
molecule detection has sparked a range of research interests inspired by the pioneering work
on scanning ion conductance microscopy and scanning electrochemical microscopy.®* In a
dual-barrel nanopipette configuration, two adjacent nanopores can be closely separated by a
20 nm septum. This allows the coupling of two nanopores for synergistic purposes from the
advances of nano-fabrication techniques. This chapter explores the integration of nanopores

and FET components using a dual-barrel nanopipette platform.

To fabricate nanopore-FETs using dual-barrel nanopipettes, one barrel must act as an
electrode to control the single-molecule detection using the other barrel. The basic device
design consists of one barrel selectively filled with carbon while leaving the other barrel open.
Although promising advances have been made in monitoring pH>, cellular uptake® and even
delivery of chemical species into cells’, the separation between the carbon nanoelectrode and
the nanopore by a septum of 20 nm is still a limitation for nanopore-FET functionality in near-
physiological conditions. Ideally, the controlling component in the nanopore-FET (i.e. the gate
electrode) must be present in or around the nanopore to facilitate the voltage gating. Different
surface modification strategies can be used to incorporate the controlling component closer
to the nanopore opening. Electrodeposition of metal is preferred because of the ease of
operation using a potentiostat. More importantly, the presence of the open barrel next to the
carbon nanoelectrode allows for the monitoring of the metal deposition using the deposition
current from the nanoelectrode and the ion current flowing through the nanopore

simultaneously.
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3.1.2 Electrodeposition

Electrodeposition is a technique that uses an electrical current on the surface of an electrode
to reduce metal cations in the electrolyte. This is a versatile method used in semiconductor
industries, nanotechnology and corrosion protection.2® Compared with other methods to
fabricate nanopore field-effect transistors using electron-beam lithography that require
cleanroom facilities, electrodeposition can be performed at room temperature using an

electrochemical workstation enabling easier and more efficient operation.

The detailed mechanism of electrodeposition is shown in Figure 3-1. Metal ions in the bulk
plating electrolyte migrate towards the surface of the electrode under a reducing potential
relative to the counter/reference electrode in the plating bath. Once the metal ions have
diffused into the electrical double layer, the hydration layer around the metal cations is
partially detached to enable absorption onto the electrode surface. Electron transfer from the
electrode to the metal cations occurs for the reducing metal cations. Overall, the metal
deposition on the surface of the electrode can be classified into two different phases,

nucleation and outward growth.

O Metal deposit

(a) (b) (c) © Metal ions
H.0
Bulk electrolyte
o @
o
® o
Electrical double layer o (@)
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Figure 3-1: Schematic demonstration of electrodeposition. A reducing potential is applied to the
substrate. (a) The hydrated metal ions migrate from the bulk electrolyte into the electrical double layer
and absorb onto the surface of the electrode with a partial detachment of the hydration layer. (b)
Electron transfer from the substrate onto the absorbed metal ions occurs to reduce the metal cations
with a positive valency to a zero valency. This process is repeated to form the seed on the surface of
the electrode (i.e. nucleation). (c) The deposition of metal can be accelerated based on the nucleated

metal deposit, which increases the active electrode area.
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3.1.3 Cyclic voltammetry

Among the different methods to investigate electrochemical phenomena on electrode
surfaces, cyclic voltammetry is a widely used technique in which the potential of the electrode
is swept between a cathodic potential (Ec) and an anodic potential (Es) at a constant scan rate.
The resultant faradic current is produced by different electrode processes including reduction
and oxidation on the surface of electrode. As such, cyclic voltammetry is a useful tool to explore
the reduction and oxidation of the molecular species on the electrode. Particularly for
electrodeposition, the range of potentials used for depositing metals can be determined based

on the characteristics of the electrochemical currents.1011

(a) (b)

Potential (V)
Current (A)
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Figure 3-2: Schematic demonstration of cyclic voltammetry. (a) The potential is swept between the
anodic potential (Ea) and cathodic potential (Ec) at a constant scan rate. (b) The resulting voltammogram
shows peaks in the positive and negative scan directions, corresponding to oxidation and reduction of
the electroactive species, respectively. For a reversible electrochemical process, the middle point of the
two redox peaks is the equilibrium potential. In both figures, black arrow indicates the initial scan

direction.

The typical shape of a cyclic voltammogram results from an interplay of electrode reactions
and diffusion-controlled processes. Considering the electrochemical reduction of O + e- 2R,
if the rate of consumption for O at the electrode surface is always greater than the diffusion
rate of O from the bulk solution into the electrical double layer; this process is diffusion-
controlled. Moreover, there is a linear concentration gradient of O within the electrical double

layer compared to the bulk solution.
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Upon sweeping in the cathodic direction, the potential at which O is reduced, the surface
concentration of O is reduced. The concentration gradient of O is increased, and thus the
current measured from the electrode, which is proportional to the flow of O towards the
electrode surface. Further sweeping of the potential decreases the surface concentration of O
to zero. At this point, the reduction of product R starts to build up, causing a decrease of the
electrochemical current. This ‘consumption-build-up’ process gives rise to the shape of the
peaks on cyclic voltammograms. A backward sweep in the anodic direction produces a similar
shape as in the forward case. However, the shape of the electrode can influence the peaks on

cyclic voltammograms as well.

3.1.4 Chronoamperometry

Chronoamperometry is an electrochemical method in which a step change of potential is
applied to the electrode. The response of the electrode is recorded as current plotted against
time. Compared to cyclic voltammetry, this method is more straightforward for quantifying
and monitoring metal deposition processes, as the working potential is constant during the

experiments.

Potential (V)

L A L L 1

Time (s)

Figure 3-3: Schematic demonstration of chronoamperometry. A constant potential of Eq is held at the
electrode until the start of the experiment at time to. The voltage is switched to a constant value (E.)
and held constant over time. The typical response of the chronoamperometric current is not listed in

this figure as it depends on multiple parameters.

Initially, the electrode is held at a constant potential (Eo). At t=0, the potential is switched to a

constant value of Ec. The response of the electrode can be divided into two different aspects,
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the capacitance due to the charging of the electrical double layer and the electron transfer
reaction for the reduction or oxidation of electroactive species. This can be partially

interpreted by the Cottrell equation shown below for an ideal planar electrode:

i = nFACVD
T Vin

(Equation 3.1)

In this equation, i is the current, t is the time, F is the Faraday constant, A is the
electrochemically active area of the electrode, C is the initial concentration of the electroactive

analyte and D is its diffusion coefficient.

In addition to the above equation for electron transfer, the capacitive component of the

current is described below:

E Lt
i= —e ke (Equation 3.2)

Here R is the resistance, E is the potential applied, C is the capacitance and t is time. The
capacitive component for the chronoamperometric current follows an exponential decay with

a time constant of RC.

Overall, the electrochemical currents from chronoamperometry measurements vary with time,
depending on a number of parameters shown in Equations 3.1 and 3.2. For metal deposition,
this can be correlated to the surface area of the electrode, the concentration of the plating

solution and the resistance and capacitance of the system.

3.2 Aims and objectives

The experimental aim of this chapter is to establish a reliable and reproducible fabrication
protocol for nanopore-FET devices based on dual-barrel nanopipettes using electrochemistry.
Initially, the formulation of the plating solution and its electrochemical effect on the carbon
nanoelectrode was investigated, followed by determining the electrochemical conditions for

controlled nanopore-FET device fabrication.

» Exploring the electrochemical conditions for gold deposition on the surface of a carbon

nanoelectrode.
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e Choosing a suitable gold plating method for controllable deposition on a
nanoscale.

e Determining the electrochemical behaviour of the chosen plating solution.

» Establishing a feedback-controlled fabrication protocol to integrate the nanopore with
the FET using optimised electrochemical conditions.

e Establishing the use of the open barrel as a feedback channel to monitor the
gold deposition on the carbon nanoelectrode, as well as the growth of gold
around the nanopore opening.

e Verifying the reproducibility and reliability of the feedback-controlled
deposition of gold and controlling nanopore conductance by a feedback

mechanism.

3.3 Results and discussion

3.3.1 Deposition mechanism and voltammetry characterisation

Gold was chosen as the deposition material mainly because of its robustness, resistance to
corrosion and, more importantly, versatile surface functionalisation by thiolated species. An
alkaline gold sulphite plating solution (ECF64, Metalor Technologies) was used in place of the
conventional auric chloride or gold cyanide method as it is much less toxic and offers more
control of plating at nanoscale. At a reducing potential on the surface of the electrode, the gold

deposition occurs via a two-step process!?:

[Au(S05)] === Algy* (5057
L
Auads +e > Au
Scheme 3-1: Electrochemical deposition of gold using ECF64 plating solution containing gold sulphite.
The deposition mechanism proceeds via absorption of the gold (I) complex followed by electron

transfer to reduce the absorbed gold (1).
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Figure 3-4: Comparison between (a) cyclic voltammetry and (b) chronoamperometry for
electrodeposition of gold using 10-fold diluted ECF64 plating solution. (a) Cyclic voltammetry was
performed with a scan rate of 0.02 V/s. The first set of CVs exhibited a small increase in electrochemical
current and deposition peaks, meaning that gold is only minimally reduced from the plating solution.
To investigate the precise location of the gold reduction peak on the carbon nanoelectrode, the
resulting electrode was held at -0.7 V for 200 s to stimulate the nucleation of gold. The second set of
CVs revealed a significant reduction peak at around -0.73 V. (b) Amperometric deposition of gold at a
constant potential of -0.73 V exhibited an initial deposition current at roughly 0.01 nA for the first 100
s. This was followed by a gradual increase with the slope becoming steeper over time, indicating faster
deposition. A carbon nanoelectrode was used as the working electrode, with a quasi-reference counter

electrode in the plating solution.

To achieve controllable deposition on a nanoscale, it is crucial to determine the
electrochemical window of the gold plating solution. The literature suggests that the
deposition occurs at around -0.7 V.*'* From the cyclic voltammograms of the carbon
nanoelectrode in ECF 64 solution, the first set of CV measurements revealed no obvious peaks
apart from the increase of electrochemical currents at around -0.8 V because of oxygen

reduction. This likely correlated with the initial nucleation stage of gold deposition.

Further confirmation of gold deposition can be obtained by a second round of cyclic
voltammetry on the same electrode, but after the amperometric treatment at -0.73 V for 200
s. The three-fold enhancement of reduction current upon cathodic polarisation confirms the
increase in the electrochemical area of the gold deposited electrode, as seen by the increase
of the reduction current peak at-0.73 V after each cycle, in good agreement with the literature

value. The results from cyclic voltammetry also correlated with the chronoamperometry
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experiments at a constant potential of -0.73 V. In this case, holding the electrode at a constant
reducing potential caused a small enhancement of the current in the first 100 s. This was
followed by a significant increase with the slope becoming steeper over time, suggesting that
the deposition rate was increasing. The above electrochemical results confirmed that the
electrochemical deposition occurred via nucleation on the surface of the electrode, followed

by outward expansion as the deposition proceeded to more electrochemically active areas.

3.3.2 Real-time ion current feedback
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Figure 3-5: Representative examples for the feedback-controlled deposition of gold. Gold deposition
was simultaneously performed using a bipotentiostatic configuration with two working electrodes
inside the carbon barrel and the open barrel, respectively, where Vgepositon = -0.73 V and Veedback = -0.1
V. The deposition current exhibited no significant difference compared with experiments that did not
incorporate the feedback (Figure 3-4). The feedback current remained roughly constant and then
decreased rapidly. As the ionic current flowing through the open barrel is a function of pore
conductance, the sharp decrease in feedback current undoubtedly suggests rapid pore shrinking within

this sharp transition regime.

Nanoscale separation of the carbon nanoelectrode and the nanopore on the dual-barrel
nanopipette platform provides a viable way to deposit gold around the nanopore using
electrochemistry. Based on the electrochemical characterisation of the gold deposition in

Section 3.2.1, dual-chronoamperometry was used to deposit gold while monitoring the real-
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time ion current flowing through the nanopore. This was achieved through a bipotentiostatic
configuration where two working electrodes were placed in the carbon barrel and the open
barrel, respectively, and a quasi-reference counter electrode (QRCE) in the plating bath. A
reducing potential of -0.73 V was held at the carbon barrel to reduce the gold from the plating
solution, and a potential difference of -0.1 V was applied between the working electrode inside

the open barrel and the QRCE to produce a real-time ion current flowing through the nanopore.

The dual-chronoamperometry data on the carbon nanoelectrode and the nanopore are shown
in Figure 3-5. The amount of gold deposited on the carbon nanoelectrode can be calculated
using the equation shown below, assuming the only faradic process occurring on the carbon

nanoelectrode is gold deposition:

Igepd
Mgola = % X Mgo1qa  (Equation 3.3)

In this equation, mgeq is the total mass of deposited gold, I4, is the deposition current
measured from carbon nanoelectrode, F is the Faraday constant and M4 is the molar mass

of gold.

The trend of gold deposition on the carbon nanoelectrode with open barrel as a feedback was
similar to the amount for the single electrode, indicating the introduction of ion current
feedback caused little difference in gold deposition. Simultaneously monitoring the nanopore
ion current reveals an interesting phenomenon. The feedback current initially remained
roughly constant and then suddenly decreased. The initial stage where feedback current is
constant corresponds to the nucleation of gold and the deposition before the nanopore is
closed. The sudden decrease of feedback current means the nanopore is being reduced in size

by electrodeposition.
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Figure 3-6: Examples demonstrating the reproducibility of the sharp decrease of feedback current.
Although the time taken to reach the sharp transition varies for different pipettes, the sharp decrease
of feedback current is reproducible. As a result, precise tailoring of nanopore conductance is feasible
by terminating deposition processes at different currents. The data were obtained from 3 independent

nanopores.

The reproducibility of this approach was verified by repeating the experiments using different
nanopipettes. As shown in Figure 3-6, although the time taken to reach this sharp transition
varied from pipette to pipette, the sudden decrease of feedback current is highly reproducible.
Almost 90% of all pipettes analysed (N=767) exhibited this type of behaviour. Note that the
overgrowth of deposited gold can be inhibited by stopping the deposition at a pre-set
threshold of feedback current. Therefore, the nanopore is not fully closed but is fabricated with

conductance defined by the feedback current.
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Figure 3-7: Controlling nanopore conductance by feedback-controlled deposition of gold. I-Vs for
carbon-only nanopipettes and gold-deposited pipettes with a threshold feedback current of (a) -1.5 nA,
(b) -1.0 nA and (c) -0.5 nA. (d) Detailed histograms show a large device-to-device variation (17.3 + 6.4
nS) before gold deposition. However, the nanopore conductance was precisely tailored after feedback-
controlled deposition (7.2 + 1.4 nS for lihreshold = -1.5 NA, 3.5 + 1.9 nS for lihreshold = -1.0 nA, 2.0 £ 0.4 nS

for lihreshold = -1.5 NA). The data were obtained from 90 independent nanopores.

Precise control of nanopore conductance is important for tailoring nanopores to be used for
different purposes, including sensing analytes of different sizes and serving as a tuneable
platform for surface functionalisation by different thiolated species. Based on the
reproducibility of feedback-controlled deposition, gold deposition can be terminated at
different feedback currents to fine-tune nanopore conductance (Figure 3-7). Before deposition,

carbon-only devices have a relatively broad distribution of conductance with a large device-to-
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device variation. By stopping the deposition at a final feedback current of -1.5, -1.0 and -0.5
nA, respectively, the nanopore conductance can be controlled precisely with a narrower
distribution. However, the actual size of the nanopore was not estimated here as the pore
geometry and surface charge can change after gold deposition. Currently, the models to
calculate nanopore size from conductance are based on established geometry and surface

charge.
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Figure 3-8: Characterisation of the electrochemically active area using the redox probe for carbon-only
and gold-deposited devices. The electrochemistry is based on the cathodic polarisation of either (a) the
carbon nanoelectrode or (b) the gold-deposited electrode. As a result, Ru®* is reduced to Ru?* giving

rise to diffusion-limited currents, which are indicative of an electrochemically active area.

Apart from nanopore conductance, which is indicative of pore diameter, trials were performed
to characterise the enhancement of the electrode area after gold deposition using Ru(NH3z)sCl3

as the redox probe (Figure 3-8).

The diameter of the carbon nanoelectrode can be estimated from the steady-state diffusion-

limited current using the equation below, assuming a disk-shaped electrode:

_ Isteady state (

= Equation 3.2)
4.64nFCD
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In this equation, r is the radius of the electrode, n is the number of electrons involved in the
redox process (i.e. 1-electron reduction), F is the faraday constant, C is the concentration of
the redox mediator (1 mM Ru(NHs)sCls) and D is the diffusion coefficient of Ru(NH3)sCls in the
electrolyte solution (6.3 x 10® cm?/s). The size of the carbon nanoelectrode was determined

to be 50 £ 11 nm from the steady-state currents.

Significant enhancement of diffusion-limited currents was obtained, confirming a more active
electrode area after gold deposition, consistent with the results presented in Figures 3-4 and
3-5. As the shape of the electrode was changed after gold deposition, a rough estimation
revealed that the deposited gold is in the micron range. Although the electrochemical method
for nanopore-FET device fabrication is robust, the detailed local structure of deposited gold

must still be investigated using optical and electron microscopy characterisation techniques.

3.3.3 Surface characterisation

(d) \ﬁo 10 pm

Figure 3-9: Characterisation of deposited gold using dark-field microscopy. Dark-field images taken at
(a) 700s, (b) 10005, (c) 2000 s and (d) 3000 s during the deposition process show the gradual expansion

of a gold blob. The data were obtained from 4 independent nanopores.

Systematically characterising gold deposition and deposited pipettes using different surface
characterisation techniques is necessary to investigate the growth pattern of gold around the
nanopore. Resolving deposited gold optically using bright-field microscopy confirmed the

additional presence of deposited material around the nanopore. Compared to quartz and
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carbon, gold possesses an enhanced ability to scatter incident light. Dark-field microscopy was
used to selectively visualise the deposited gold. As expected, the presence of gold at the end
of the nanopipette was visualised, and importantly, the electrodeposition of gold showed
outward expansion over time (Figure 3-9). This is consistent with the results from cyclic
voltammetry and chronoamperometry of gold deposition. The lateral views of the optical
characterisation confirmed the successful deposition of gold at the nanopipette tip but did not

have enough spatial resolution to resolve the nanopore.

(a)

Figure 3-10: SEM and TEM characterisation of nanopore-FET devices. (a) Schematic illustrating the
device configuration of gold deposited nanopipettes. (b) An SEM image of the top view shows the pore
closure from the feedback-controlled deposition of gold and is confirmed by TEM images (c-d) showing
the accurate deposition of gold at the tip. SEM and TEM were obtained from two independent

nanopores.

Electron microscopy techniques allow for the characterisation of gold deposition on a
nanoscale. SEM and TEM were both used here. The lateral view TEM clearly shows the accurate
deposition of gold around the nanopore, while the SEM image demonstrates that the

nanopore is being closed by the growth of gold (Figure 3-10).
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Overall, the optical characterisation visualised the successful electrodeposition of gold (Figure
3-9), consistent with the TEM image verifying the accurate location of gold around the
nanopore opening (Figure 3-10). The SEM image captured the nanopore being closed by gold
deposition (Figure 3-10), as had been shown by feedback-controlled electrodeposition of gold

in which the sudden decrease of feedback current was highly reproducible.

3.4 Conclusion

In this chapter, a reproducible fabrication protocol for nanopore-FET devices was established
by feedback-controlled electrodeposition. According to the measured electrochemical window
and the deposition potential of the gold plating solution, the use of the bipotentiostatic
configuration simultaneously deposited gold and incorporated a feedback mechanism to
monitor the growth of gold around the nanopore using a real-time ionic current from the open
barrel. Based on the optimised plating formulation and electrochemical conditions, a novel and
straightforward method for fabricating gold nanopores was presented. A sharp transition
regime, where nanopore feedback current suddenly decreased, was reproducibly
demonstrated for different devices with a relatively large device-to-device variation. The
reliability of feedback-controlled deposition was verified by precisely controlling the nanopore
conductance through terminating deposition at a pre-determined threshold. Moreover, the
fabricated devices were successfully characterised by a range of optical microscopy and
electron microscopy technigues. The most important experimental objective of accurately
depositing gold around the nanopore opening was shown to be feasible. The integration of the

nanopore with a FET component was made possible using this fabrication method.

However, using an electrochemical method to fabricate nanopore-FET devices presents several
limitations. Although nanopore conductance and possibly the size can be precisely defined
using a feedback current threshold, the fabrication of a gold nanopore with controlled
geometry is challenging using electrodeposition because the nucleation of gold on the surface
of the electrode is a stochastic process. Using an electrochemical approach, the surface
morphology of the gold nanopore in the sensing region might vary even though the nanopore

conductance remains the same.
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On the other hand, combining nanopipettes with electrodeposition advances the field of

nanopore-FET fabrication by increasing yields, improving efficiency and reducing costs as

compared to advanced lithography techniques for solid-state nanopores. It has been shown

that integrating graphene with solid-state nanopores is exceptionally challenging, particularly

with a low yield*®, and is further compounded by more complicated fabrication by e-beam

lithography.»?1” Even though the surface morphology can vary from a pipette to pipette,

perfect alignment between the nanopore and the FET electrode has been achieved using a

feedback-controlled mechanism. Further research opportunities are possible at this stage

because of the alignment between nanopore and deposited gold.
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Chapter 4

Chemically-modified nanopore field-effect transistors
for controlling single-molecule transport
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Abstract

Building on the fabrication methodology used for the nanopore-FET sensing platform, the
distinctiveness of two-barrel architecture makes it possible to align gold with nanopores at the
nanoscale. Controlling the transport of single molecules can be achieved by switching on/off
single-molecule translocations. To introduce more active control to the transport of single
molecules, a generalised functionalisation protocol was developed for the attachment of small
molecules with different charges. Finally, nanopore-FETs modified by a positively charged
amine can be used to control molecular transport across nanopores by orders of magnitude,

including capture rates and translocation velocities.

90



4.1 Introduction

The development of new analytical methods is currently at the forefront of healthcare research
due to the need for improved performance compared to what is now considered state-of-the-
art. This is especially true for applications such as early-stage disease diagnosis and
treatment.»? To that end, different techniques including fluorescence®>> and optical® and
magnetic tweezers’® have been reported with sensitivities reaching the single-molecule limit.
Even though such techniques could provide the sensitivity to detect and manipulate molecules
one at a time, their broader application in a clinical setting is impeded by the complexities
associated with sample preparation and processing. Therefore, the development of ‘single-pot’
label-free approaches remains one of the most attractive avenues for single-molecule sensors.
Among different label-free techniques, nanopores and field-effect transistors (FET) have
emerged as exceptionally promising methods due to their inherent sensitivity and aptitude for

multiplexed detection.®™13

Nanopores operate by driving analytes electrokinetically across a nanoscale pore, allowing
single-molecule identification by measuring characteristic modulations in the ionic current. By
extracting the magnitude and duration of individual translocation events, one can obtain
information such as molecular dimensions, concentration and in some cases, even charge and
conformation.'%1%14 Although numerous advances have been made,'%1%1>18 fast analyte
transport and analyte selectivity still represent a substantial challenge.’®*=23 To this end,
different strategies have recently been investigated, including the use of FET-coupled
nanopores. Nanoscale FETs are capable of label-free sensing of biological analytes in real
time, 2?4 and the sensing principle is based on monitoring the change of conductance between
the drain-source upon the binding of biomolecules to the gate electrode. However, the sensing
area is governed by the Debye screening length, which is relatively short under physiological
conditions (~1 nm).'® Unlike nanopores, this limits the possibility of actively transporting

analytes to the sensing region and controlling throughput.

It is no surprise that due to the distinct advantages offered by the two techniques, the
development of combined nanopore-FET platforms has attracted an increasing amount of
interest, both experimentally”2>=22 and theoretically?° 1. In a hybrid nanopore-FET design, the

nanopore can be viewed as a drain-source channel for single-molecule translocation, while the
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FET is integrated by placing a gate electrode near the nanopore aperture. A distinctive
advantage of such a platform lies in its ability to control the surface charge near the nanopore
by varying the potential applied to the gate electrode, which in turn allows for manipulation of
the transport of single molecules across the nanopore. Furthermore, the possibility of
simultaneously detecting the ionic current (drain-source) and gate channels can offer an
additional sensing channel and enrich the obtained single-molecule information. Previous work
demonstrated simultaneous dual-channel, single-molecule DNA detection by incorporating a
solid-state nanopore with a silicon nanowire?’ or graphene nanoribbon.'’3233 More recently,
Panday et al.>* proposed the integration of a carbon nanoelectrode within relatively large
nanopores for the detection of 40 nm nanoparticles. Additionally, different approaches have
been proposed and developed to control transport, including programming voltage pulses,3>3®
tuning the viscosity of solvents,?” changing the local temperature,3® and voltage gating.?? The
variation of nanopore surface charge with gating potential is expected to play a key role in the
manipulation of single-molecule translocation,?%33% thereby improving or supplementing

existing strategies for controlling single-molecule transport.

Building upon these advances, | presented a new fabrication strategy in Chapter 3 for the facile
design and alignment of a sub-30-nm nanopore to the gate electrode in order to control
molecular transport at the single-molecule level. Rapid fabrication was achieved by controlled
electrodeposition of gold onto a nanoscale carbon electrode formed inside one of the barrels
of a double-barrelled nanopore/nanopipette. lon current feedback was used to fabricate the
gold gate electrode, localised at the nanopore opening while monitoring and tuning the pore
conductance in real-time. In this chapter, voltage gating and surface functionalisation can be
used to tune the nanopore surface charge and, in turn, switch on/off or accurately control the
rate of single-molecule transport. The results demonstrate that these hybrid nanopore-FET
devices can be readily used to control molecular transport by tuning nanopore charge both

electrically and chemically.

4.2 Single-molecule detection of DNA using gold-deposited nanopore-
FET

After feedback-controlled deposition of gold, the nanopore was decreased to ~20 nm

surrounded by very localised gold. Two very important parameters for nanopore sensing — size
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and surface — were changed because of the gold deposition. Thus, it is important to explore
changes in single-molecule translocation behaviour. Initially, the single-molecule sensitivity
was confirmed using plain quartz/carbon devices without gold electrodeposition. To this end,
400 pM of 10 kbp ds DNA in 100 mM KCl was added to the nanopore barrel of the pipette. In
this configuration, under applied negative voltage, translocations occurred from the inside of
the nanopipette (cis) to the bath (trans), resulting in an overall increase in conductance when
using 100 mM KCl at pH 8. Across all devices, we found dwell times and peak currents for 10
kbp ds DNA to be in agreement with those in previous studies using unmodified (bare quartz)
single-barrel nanopipettes,*®*? indicating that the incorporation of a carbon nanoelectrode
adjacent to a quartz nanopore caused a negligible effect on single-molecule DNA translocation

(Figure 4-1).
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Figure 4-1: Validation of single-molecule functionality for the nanopore-FET devices. Representative It
traces and individual translocation events recorded at the nanopore channel before (a,b) and after (c,d)
feedback-controlled deposition of gold, showing a slight increase in dwell time from (ei) 0.13 + 0.06 ms
to (eii) 0.35 + 0.17 ms, a significant increase in peak current from (fi) 149 + 25 pA to (fii) 510 + 252 pA,
and a reduction of capture rate from 17 + 3 s'to 7 + 1 s . This was attributed to the smaller opening

of the gold-coated nanopore, which induced enhanced interactions between DNA and the nanopore
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surface. Vpore = =700 mV, Vgate = 0 mV. 10 kbp DNA was added in the nanopipette and translocation

occurred from in to out.

After gold electrodeposition, we observed a substantial (up to 200%) increase in the mean peak
current, as can be seen in Figure 4-1. Smaller Au-coated nanopores likely resulted in enhanced
interactions between DNA and the nanopore surface, leading to larger peak currents, longer
dwell times, and lower capture rates. Furthermore, due to the change of nanopore surface
charge after gold deposition, the direction of the nanopore current changed at 100 mM KCl;
current enhancement was observed with carbon-/glass-coated nanopipettes, while the

current blockade was recorded with gold-coated ones.

Before gold deposition, single-molecule translocation of DNA across quartz/carbon
nanopipettes, causing current enhancement, as a large number of DNA counterions are
introduced into the nanopore sensing region which increases nanopore conductance.
Interestingly, the current blockade was observed after gold deposition. It is known that
chloride anions have a high surface affinity towards gold.**** Moreover, the current blockade
of single-molecule DNA translocation was caused by the hindered access of ions across the
nanopore.* In this case, perhaps the dragging force between absorbed chloride and

counterions of DNA (K*) induced the current blockade of 10 kbp ds-DNA translocation.

4.3 Controlling DNA transport using gold-deposited nanopore-FET

As stated previously, the presence of gold around the nanopore opening made it possible to
use it as a controlling component in single-molecule DNA translocation. As for conventional
FET devices, voltage gating was established in this system by electrical contacts and charge

mirroring between the carbon electrode and deposited gold.
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Figure 4-2: Voltage gating of the nanopore, (a,b) I-V characterisation of the nanopore-FET before and

after gold deposition, and (c,d) after gold deposition at varying Vgate.

To control single-molecule transport by voltage gating, it is important to determine the ideal
‘gating window’ in which (1) no electrochemical reactions happen and (2) the charge of the
gating electrode varies significantly with different applied potentials. lonic transport across the
nanopore was the preliminary aim of investigation. A range of gating potentials wherein no
electrochemical reactions occurred (-400 mV, 400 mV) was verified for the gold electrode.
Beyond this potential range, oxygen reduction or gold oxidation would occur, both of which
are detrimental to the device’s stability. Within this potential range, the I-Vs at different Vgate
were obtained where only negative potentials were able to cause the modulation of ionic
transport. To rationalise this, the correlation between the charge of double-layer and applied
Veate Was extracted by differential capacitance measurements. The minimum of the
capacitance versus Vgate Was attributed to the potential of zero charge (-90 + 10 mV), where
the charge of the double-layer was neutral. This accords well with the value given in the
literature,*® confirming that the gating electrode was negatively charged at potentials below

pzc and positively charged at the potentials above pzc (Figure 4-3 a). However, it should be
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noted that the differential capacitance of the gate was challenging to measure due of MQ

resistance. Instead, an ultramicron gold-deposited electrode was used here.
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Figure 4-3: Voltage gating of DNA translocation. (a) The variation of nanopore surface charge with
gating potentials (Vgate) was probed by differential capacitance measurements on an ultramicron gold-
deposited electrode, showing a capacitance minimum at -100 mV, which was attributed to the
potential of zero charge (pzc). (b) This correlates well with the gating of 10 kbp DNA in 100 mM KCl, 10
mM Tris-HCl and 1 mM EDTA buffer at pH 8. DNA transport could be switched off or turned on
depending on whether the potential applied to Vgate Was above or below the pzc. By controlling the gate
potential, translocations could be switched on and off in real time as shown in (c). Vpore = =700 mV.

10 kbp DNA was added in the nanopipette and translocation occurred from in to out.

Established by the behaviour of electrical double-layer at varying Vgate, controlling single-
molecule transport by voltage gating was achieved by applying different Vgae along the
differential capacitance curve on both sides of the pzc (Figure 4-3). At Vgate —200 and -400 mV,
the single-molecule transport was switched off. Switching the single-molecule transport back
on was done at the potential, very close to (Vgate = =100 mV) and above the pzc (Vgate = 0 mV

and Vgate = 200 mV). As the results from voltage gating correlated very well with differential
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capacitance measurements, electrostatic repulsion was verified as the dominant reason,
confirmed by supplementary experiments showing the disappearance of on/off behaviour for
200 and 50 bp ds DNA. On the other hand, electroosmotic flow in the direction opposed to
electrophoresis also synergistically helped the switch-off of single-molecule DNA transport*’

(Figure 4-3).

Although the establishment of on/off switching provides a leap forward in controlling single-
molecule transport, more active control of molecular transport is needed to fine-tune
transport properties. One possible way to achieve this is to functionalise the gold surface with
different thiolated species to disturb the double-layer and overcome the issue of Debye

screening.

4.4 Chemical modification of nanopore-FET

From what has been characterised by dark-field, SEM, and TEM, the localised gold around
nanopore openings unlocks the possibility for the chemical modification via thiol-gold self-
assembly. Initially, as a proof of concept, thiolated molecules with different charges were

chosen with the aim of establishing a functionalisation protocol and formulation.

The charge of the nanopore surface plays an important role in terms of ionic transport and
current rectification. Herein, two thiolated molecules (1-dodecanethiol and 5-amino-2-
mercaptobenzimidazole) bearing different charges at pH 8 were chosen to modify the surface
of gold. It was shown previously that nanopore field-effect transistors are exceptionally
challenging to fabricate. With one more step to surface functionalisation, protocol and
formulation must be established and optimised carefully to allow a reasonable yield for use in

the subsequent steps.

As with all surface modifications, the choice of solvent has important implications on yield and
success rate. This is especially true for the chemical modification of our nanopore field-effect
transistors. Considering the device configuration, the functionalising agent must ideally be able
to diffuse into the nanopore sensing region and also ensure that there is not an excess of
unattached thiols present that may cause interference with single-molecule detection.
Therefore, the choice of the solvent, or solvent combination, used in the chemical modification

and purification will be discussed in the following paragraph.
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After gold deposition, the residues of plating solution are likely to remain on the gold’s surface
and within the open barrel. To achieve the maximum possible purification, the open barrel was
rinsed with DI H,O using a Microfil needle. Also, the fabricated devices were left in DI H,O until

use, so as to remove the residues on the deposited gold.

The solution-based functionalisation involved immersing the tips of gold deposited pipettes in
the solvent. To ensure thiols could attach to the gold surface in the nanopore sensing region,
the open barrel and the bath were both filled with solvents. Considering that nanopore-FET
devices are composed of both quartz and gold, the wetting between nanopore surfaces and
the solvent is a critical factor. As the devices were left in DI H,O until functionalisation,
methanol was chosen as the solvent for functionalisation, as it is miscible with H,O and has
reasonable wetting with quartz and gold, and it simultaneously solubilises most organic
molecules. Attempts to functionalise the gold using other solvents, such as ethanol, acetone,
and hexane, were not successful — either the change of nanopore |-V was not observable, or
the gold was detached after functionalisation. Moreover, the presence of an H,O layer around
the nanopore, forming a meniscus as observed by other studies on dual-barrel nanopipettes,

was possibly the reason for the failure of functionalisation.

Importantly, a high concentration of thiolated molecules (5 mM) was added to the solvent bath
only, and no thiols were present in the solvent that was used to fill the open barrel. As a result
of conical geometry, adding thiols inside of an open barrel is likely to cause an excess amount
accumulating at the tip, making them difficult to rinse out, as well as the possibility of
interfering with electrical characterisation and translocation experiments. Therefore, thiols
were only added in the bath, while only solvent was filled in the open barrel. In this case, thiols
could be attached to the gold if they could diffuse inside the nanopore sensing region while
minimising the amount of thiols in the open barrel. Notably, at lower concentrations, a

reduction in the yield of functionalised devices was observed.
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Figure 4-4: Surface functionalisation of gold-deposited nanopores with (a) 1-dodecanethiol and (b) 5-
amino-2-mercaptobenzimidazole. For each case, (c,d) successful functionalisation was seen from the
consecutive change of I-V with respect to the fabrication workflow of nanopore-FET devices. Electrolyte:
52 mM (NH4),S0s. This was further confirmed by (e) the suppression of the electrochemically active
area for the gold gate functionalised by 1-dodecanethiol, the electrochemical characterisation was
performed with 1 mM Ru(NHs)eClz in 100 mM KCI. (f) The inversion of |-V from negative rectification to
positive rectification for gold gate functionalised by 5-amino-2-mercaptobenzimidazole in 100 mM KCl.

The data were obtained from the measurements of 4 independent nanopores.
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Based on the established protocol and formulation, different small organic molecules were
successfully functionalised onto the gold, as presented in Figure 4-4. With respect to the
fabrication workflow, consecutive change of I-Vs in both cases definitely suggested the
attachment of thiols inside the nanopore. Interestingly, the self-assembly of very hydrophobic
1-Dodecanethiol onto gold caused a linear I-V, hardly with any rectification because of the
neutral charge of dodecane. Perhaps this can be attributed to the closely packed dodecane
perpendicular to the surface of gold, as facilitated by interchain Van der Waals interactions.
Further characterisation was made using a Ruthenium (lll) redox probe; more than a 100x
reduction of the limiting current was obtained as a result of blocking diffusive flux for the redox

mediator towards the surface of gold.

Functionalisation of gold nanopores with 5-amino-2-mercaptobenzimidazole, being positively
charged at pH 8,%8 gave rise to yet more interesting phenomena. Apart from the change of |-V,
the presence of heteroatoms allowed the tuning of molecular charge via
protonation/deprotonation by changing the pH. By lowering the pH from 8 to 4, the
rectification was inverted from negative to positive with a 98% change of the rectification ratio
(r = |l-200 mv/laco mv|) from 4.41 £ 0.17 to 0.11 + 0.01. In contrast, in gold-coated pipettes, the

change of rectification was much less (4.84 + 0.14 to 2.02 + 0.09).
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Figure 4-5: Fabrication process of the nanopore-FET device, starting from (a) unmodified (carbon only)
pipettes, to (b) gold modified pipettes, and then (c) functionalised pipettes, with the corresponding (i)
I-V characterisation after each stage of fabrication. Conductance values in 100 mM KCl were 8.13 +0.43
nS before deposition, 3.79 + 0.30 nS after deposition, and 1.00 + 0.15 nS after functionalisation.
Considering the change of the nanopore surface charge after amine functionalisation, the I-V response
across the nanopore revealed a significant change, from negative to positive rectification by tuning the
pH from 8 to 4 in 10 mM KCI (inset, ciii). (ii) lon selectivity measurements across nanopores after each
stage of fabrication by using current-clamp mode of a Multiclapm 700B amplifier. Potential—current

(Iclamp) measurements for nanopore-FET devices (a) before deposition, (b) after deposition and (c)

101



after functionalisation at different KCl concentration gradients. The concentration of KCl was only
diluted by DI water outside of the nanopore to 75 mM, 50 mM, 25 mM, 2.5 mM, while the inside
remained the same (100 mM KCl, 10 mM Tris-HCl and 1 mM EDTA buffer at pH 8). (iii) The potential at
which the current is set to zero is represented as the reversal potential (Ery). Before deposition, the
nanopores exhibited cationic selectivity, indicated by (aiii) more negative reversal potentials as the
concentration of the trans side was diluted. (biii) After deposition, the reversal potentials became less
negative due to the reduction of surface charge. (ciii) The appearance of more positive reversal
potentials after amine functionalisation indicated more positive nanopore surface charge. lon-
selectivity measurements showed a gradual tuning of nanopore surface charge. In all cases, the gate
electrode was left floating. Potentials quoted here are relative to Ag/AgCl reference electrode in KCl

bath.

Aside from the change of conductance and rectification, the incorporation of quartz, carbon,
gold, and functionalised layers onto this nanopore-FET sensing platform resulted in the tuning
of surface charge in solution. As the surface charge was tuned during the fabrication processes,
cations and anions in the electrolyte had different tendencies to transport across the nanopore.
To extract the information regarding the selectivity of ionic transport across the nanopore, |-
clamp measurements were taken by setting up a constant transmembrane current that
generated the potential difference between cis and trans chamber. The potential difference at
which nanopore current became zero was defined as the reversal potential (Erev). With the
working electrode inside the open barrel and the ground electrode in the bath, the preferential
transport of cations gave a negative Erev, and vice versa. Most measurements were performed

with a salt gradient between cis and trans to induce ion diffusion.

lon selectivity characterisation in Figure 4-5 indicated that the nanopore possessed less
negative charge after gold deposition as a result of positively charged gold, as shown by its pzc
in Figure 4-3. As expected, functionalisation with positively charged amine was able to tune
the surface charge more positive. Interestingly, the positively charged amine coating even
induced a very positive Erev without any salt gradient. Due to the strong charge of the amine
coating, we decided to proceed with the DNA translocation experiments with the aim of

slowing down and fine-tuning single-molecule transport through voltage gating.
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4.5 Fine-tuning single-molecule transport using amine-modified

nanopore-FET
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Figure 4-6: Electrochemical characterisation of an amine-modified gate. (a) Cyclic voltammetry from
-0.4 to 0.4 V showed minimal faradaic currents within the range of Vgte, scan rate = 0.2 V/s. (b)
Differential capacitance measurements of an amine-modified electrode showed a secondary
capacitance minimum at 0.15 V. Effective charge tuning at the electrode-electrolyte interface was
obtained for the functionalised system, as seen from the pronounced change of capacitance at both
sides of the pzc; Using an amine-functionalised nanopore-FET, (c) I-t traces recorded from the amine
functionalised gate showed that the magnitude of current remained at 0 pA, indicating that was unlikely
that Faradaic processes took place on the functionalised gate electrode in the potential window Vgate =
-400 to Vgate = 400 mV. All characterisation was performed in 100 mM KCI, 10 mM Tris-HCl and 1 mM
EDTA buffer at pH 8.

Translocations with these surface-modified nanopores were performed using 200 pM 10 kbp
DNA in 100 mM KCI at pH 8. Similar to using gold-deposited devices for voltage gating, an

operating range Vgate = (=400, 400 mV) was selected to minimise Faradaic processes at the
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functionalised surface (Figure 4-6), verified through cyclic voltammetry on a functionalised
ultramicroelectrode, with the zero-current recorded on the gate electrode at different applied
potentials. Therefore, the SAM coating was stable enough under the experimental conditions

outlined above.

Based on the stability of the amine coating within the potential range, the voltage-responsive
behaviour of the double-layer was measured using differential capacitance. Previously, it was
shown that the charge of functional groups on the modified gold electrode had a significant
effect on the potential of zero charge, with pzc being shifted according to the charge of
functional groups.*>*° In this case, the functionalised electrode exhibited an additional

capacitance minimum at a more positive potential of 150 mV. (Figure 4-6)
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Figure 4-7: Voltage gating of an amine-modified nanopore-FET. Voltage gating was achieved via a
stepwise increase of Vgate from —400 mV to 400 mV at 200 mV intervals. (a) Current—time traces showing
the gating control of 10 kbp DNA translocation at an applied Vgate of =400 mV, =200 mV, 0 mV, 200 mV,
and 400 mV. (b) The dependence on (i) dwell time, (ii) equivalent area, and (iii) event frequency is

shown as a function of the gating potentials. All data were expressed as percentage change with respect
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to Vgate = 0 MV, and in all cases, Vpore = =500 mV. 10 kbp DNA was added in the nanopipette and

translocation occurred from in to out.

By increasing Vgate from =400 to 400 mV, translocations across the functionalised nanopore
could be switched on/off and, more importantly, the translocation velocity and frequency
could be controlled. A decrease in mean translocation velocity (Figure 4-7 a) from 16.1 to 1.6
bp/us and a controllable increase in event frequency (Figure 4-7 b) from 0 to 147 + 29 s™! were
achieved via stepwise tuning of Vgate from =400 to 400 mV. The reproducibility of gating control
was verified by repeating the experiment using different functionalised nanopipettes (Figure
4-8). It is also possible that irreversible binding between DNA and positively charged surface
occurred but at all gating potentials the currents recorded on the gate remained at zero,

excluding the possibility of significant surface absorption.
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Figure 4-8: Supplementary traces of 10 kbp DNA confirming the reproducibility of voltage gating with
amine-functionalised nanopore-FETSs. Vpore = =500 mV. Vgaie Was tuned between -400 and 400 mV. 10

kbp DNA was added in the nanopipette and translocation occurred from in to out.
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4.6 Conclusion and future work

In this chapter, | demonstrated a new class of nanopore-FETs for gating manipulation of single
molecules. Voltage gating was implemented into this system by tuning both electrophoretic
and electroosmotic flow as well as electrostatic interactions with analytes, allowing DNA
transport to be switched on/off in real-time. This platform allowed for easy surface
functionalisation, which permitted us to further tune molecular gate transport through the
nanopore, including dwell time and capture rates. The performance of the nanopore-FET
devices presented in this article has implications for the enhancement of the controllability,

sensitivity, and selectivity of nanopore sensing.

More importantly, facile chemical functionalisation of gate electrodes opens up the possibility
of using this platform to detect and manipulate a wide range of biological analytes with
improved sensitivity and selectivity. As the functionalisation has been verified to be entirely
possible for small organic molecules, an extension can be made towards functionalising
nanopores with recognition elements to combine the advantages of molecular recognition,

nanopores, and field-effect transistors.
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Abstract

The selective identification and analysis of biologically important proteins and small molecules
at physiological concentrations has been a major driving force for advancing novel detection
strategies. For example, nanopore sensing represents a promising route towards advancing
conventional detection methods due to its single-molecule sensitivity and label-free operation.
However, it remains exceptionally challenging to selectively detect and quantify biologically
important proteins and small molecules at sufficiently low concentrations. Herein, | propose a
novel class of nanopore bio-transistors, which combines the advantages of aptamer
recognition chemistry with the single-molecule sensitivity of nanopore sensors. | demonstrate
that it is possible to simultaneously detect those analytes and quantify the binding affinity at a
single-molecule level through target-induced conformational changes of the aptamers.

Moreover, | show that the neurotransmitters can be detected at fM concentrations.
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5.1 Introduction

The accurate detection and quantification of biomolecules is one of the most important goals
for the development of biosensors'=3, and it has significant implications for a range of
applications, such as early-stage diagnosis and disease screening. However, there is still a
significant need to enhance the sensitivity and selectivity, reduce complex sample labelling and
simplify the sensor design.*® Whilst conventional electrochemical® and optical-based'® sensors
have been developed to address several of these limitations, many analytes still need to be
detected with improved sensitivity and selectivity, especially when working with biological
samples.!? Single-molecule methods have been becoming more prominent in recent years,
which is mainly due to the fact that they are capable of distinguishing the individual behaviours
of biomolecules from the ensemble averaged properties. This creates the possibility to detect
low abundant species. A plethora of single-molecule methods!'™!* have been developed and
interconnected for certain purposes, such as single-molecule sequencing*'*?, optical and force

spectroscopy®® and cellular biopsy applications#.

With the increasing significance of single-molecule methods, nanopores®? and field-effect
transistors'>'® have appeared as promising techniques, which is mainly due to their label-free
operation. However, both techniques are limited by the lack of sensitivity and selectivity,
especially for molecular targets, such as smaller proteins and neurotransmitters. The operating
principle of nanopore sensors is inherently simple and relies on electrokinetically or
electrophoretically driving the analytes to translocate through a nanopore, which causes a
modulation of the ionic current. The resultant electrical signatures can be used to gather
information on the translocating, including the length, size, shape and interaction with the
nanopore surface.r’~*® However, the sensing process is typically diffusion-limited and can be
restricted further because of elecromigration for analytes being neutral or few charges in
solution, and it is often not sufficiently sensitive to distinguish analytes with a similar structure
and charge. Therefore, different approaches have been developed to further decrease the limit
of detection to sub-pM levels by pre-concentrating the analytes in close proximity to the
nanopore using specific methods, such as dielectrophoresis?® or magnetic fields?!. Moreover,
the selective detection of specific analytes from a complex biological background is a major

issue that needs addressing. While receptor-modified nanoscale FETs enable the detection of
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biological analytes by monitoring the change of transconductance of semiconductors, the
Debye screening in physiological conditions limits the gating response of small target

molecules with few charges or being neutral in solutions.®2?

Recently, nucleic acid aptamers have been used as an artificial receptor to increase the
sensitivity and selectivity of both nanopores??® and field-effect transistors??. Selected from
SELEX processes, the high specificity and affinity that are afforded from unigque molecular
conformations enable the selective recognition of the target with enhanced sensitivity.?* DNA
aptamers were specifically chosen due to their enhanced stability of unique molecular

structures, such as stem-loops and G-quadruplexes.
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Figure 5-1: The schematic design of aptamer-functionalised nanopore bio-transistors, feedback-
controlled fabrication and single-molecule detection of targeted analytes. (a) One barrel was selectively
filled with carbon while another barrel (nanopore) was left open. Gold was electrochemically deposited
onto carbon. The aptamers were functionalised onto the gold via thiol self-assembly. (b) The schematic
design of the nanopore bio-transistor surface chemistry. It includes the sequence information of the
aptamers for proteins and neurotransmitters, and the binding mode between the targeted analyte and

aptamers. For protein detection, a 15-mer thrombin binding aptamer was used, as the binding occurs
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between a G-quadruplex and thrombin. In contrast, for neurotransmitters, the stem-loop aptamer
binds to the neurotransmitter via target-induced conformational changes, and the aptamers switch
from a duplex to a G-quadruplex conformation upon analyte binding. (c) The feedback-controlled
fabrication of nanopore bio-transistors. The electrochemical deposition of gold was performed using a
bipotentiostatic configuration, where a reducing potential of -0.73 V was held at the carbon
nanoelectrode. The deposition process was monitored by a real-time ionic current flowing through the
open barrel due to the potential difference of -0.1 V between the second working electrode and a
combined counter/reference electrode in the bath. The gold deposition was stopped at the specific
threshold current of -1.5 nA. The gold-deposited device was functionalised by thiolated aptamers. The
whole process was monitored by the consecutive change of IV (52 mM (NH,4),S0s), as well as the change
of the active electrochemical area in the presence of 1 mM Ru(NHs)eCls. The representative current
traces showed the single-molecule translocation of dopamine across (d) gold deposited devices, (e)
scrambled sequence functionalised devices and (f) aptamer-functionalised devices. Dopamine was

added in the bath.

Herein, | propose a strategy to combine the advantages of nanopore sensors, aptamer
molecular recognition chemistry and field-effect transistors (Figure 5-1). For example,
nanopores can be functionalised with aptamers to target specific analytes, and this can be
further combined with voltage gating to control the physical interactions between the analytes
and receptors. | have previously demonstrated the routes towards the fabrication of hybrid
nanopore-FET systems for simultaneous single-molecule detection and manipulation.?> In the
present work, we build on these concepts for the selective sensing of small neurotransmitter
molecules, including dopamine, serotonin and acetylcholine (Figure 5-1, a—b). Specifically,
stem-loop aptamers were attached to the surface of the nanopore, which enabled ligand-
induced conformational rearrangements near the nanopore surfaces. Whilst the vast majority
of methods for detecting neurotransmitters have a detection limit that ranges from nM to uM?,
the single-molecule detection of neurotransmitters can be achieved at fM level, which is 6-9

magnitudes lower than the conventional electrochemical or optical methods®.
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Name Sequence Information

Thrombin binding aptamer /5-ThioMC6-D/GGTTGGTGTGGTTGG
Single base mutation /5-ThioMC6-D/GGTTGGTGTGGTTTG
Double base mutation /5-ThioMC6-D/GGTTGGTGTTGTTTG

Random sequence /5-ThioMC6-D/TATATGACGACGGTG

Dopamine binding aptamer /5-ThioMC6-D/CGACGCCAGTTTGAA

GGTTCGTTCGCAGGTGTGGAGTGACGTCG
Scrambled dopamine aptamer /5ThioMC6D/GGATATTGCGCGATTCCG
GTCGGCAGCTTAGGAAGTGCGGTGTC
Serotonin binding aptamer /5-ThioMC6-D/CGACTGGTAGGCAGA

TAGGGGAAGCTGATTCGATGCGTGGGTCG

Scrambled serotonin aptamer /5ThioMC6-D/CGTTTGGGGGTAGGAA
GCTTATGCCGCGATAAAGGGTAGGGGCC
Complementary sequence CGACCCACGCATCGAATCAGCTT
of serotonin aptamer CCCCTATCTGCCTACCAGTCG
Acetylcholine binding aptamer /5-ThioMC6-D/AGAGATACTGCCGGTT

GCCTTCGACCGCGACGTTGGATTGGTAAC
ATAAGGCCACTCCCTTCATGTGGGAT

Scrambled acetylcholine aptamer /5ThioMC6-D/AGAGATACCTGCCGGTTGCCTTCGA
CCGCGACGTTGGATTGGTAACATAAG
GCCACTCCCTTCATGTGGGAT

Table 5-1: List of DNA oligonucleotide sequences that are used in this work. All sequences were written
in the form from 5’ end to 3’ end. For thiol-modified DNA oligonucleotides, the oligos were synthesised
with an S-trityl-6-mercaptohexyl derivative protecting group. 100 times the excess amount of TCEP (tris
(2-carboxyethyl) phosphine) was used to cleave the disulphide bond and form the reactive thiol-

modified oligos. The thiol group was separated from the oligo with a C6 spacer arm.

5.2 Device fabrication and chemical modification

Figure 5-1 demonstrates the electrochemical fabrication, chemical modification and device
components for our aptamer-functionalised sensors. Each fabrication step was characterised
by a combination of I-clamp and V-clamp measurements (Figure 5-2). For the feedback-
controlled deposition of gold, a final feedback current of -1.5 nA was chosen, which
corresponds to a nanopore diameter of approximately 20 nanometres (nm). To attach
aptamers onto the nanopore’s surface, the disulfide form of purchased oligonucleotides was

pre-treated by tris(2-carboxyethyl)phosphine to form thiol-reactive oligos on 5" end (Scheme
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2-2, Table 5-1). The deposited gold was functionalised by the self-assembly of 2 uM thiol oligos

of different sequences.

After chemical modification, the mean conductance of the nanopore was decreased due to the
attachment of oligonucleotides. As the thiol-modified oligos are negatively charged, the
functionalised nanopores showed greater cation selectivity than the gold nanopores.?’
Moreover, the electrochemical surface area of gold was reduced by approximately 60 per cent
(%), as seen from the steady-state diffusion limiting currents (Figure 5-2 aiii, inset), which

verifies the successful functionalisation of gold.
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Figure 5-2: The characterisation for the fabrication of nanopore bio-transistors. The process starts with
a (i) carbon only device, to form a (ii) gold deposited device via the feedback-controlled deposition of
gold, and an (iii) aptamer-functionalised device produced from the surface functionalisation of
deposited gold by the thiolated aptamers. To verify the successful fabrication at each step, with (a) I-V

measurements demonstrating the consecutive shrinking of nanopore conductance, the inset illustrates
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the electrochemical measurements for the active surface area for the carbon nanoelectrode, gold
deposited electrode and the aptamer-functionalised electrode. The active surface area was increased
after the gold deposition and then decreased after aptamer functionalisation, as seen from the steady-
state diffusing limiting current in the presence of 1 mM Ru(NHs)eCls upon cathodic polarisation from 0
mV to -400 mV. The whole process was further confirmed by (b), (c) ion-selectivity measurements. The
salt concentration on the trans chamber was diluted, while the cis chamber remained unchanged. At
each concentration gradient, a reversal potential (Ery) Was measured. After the gold deposition, Erev
appeared to be more positive, which indicated the reduction of surface charge from a carbon/quartz
nanopore to a gold nanopore. Aptamer-functionalized nanopore exhibited a more negative reversal
potential compared to the gold deposited device due to the attachment of negatively charged
oligonucleotides on the surface. In all cases, the electrolyte in the cis chamber was 100 mM KCI, 10 mM
Tris and 1 mM EDTA at pH 8. The concentration of the trans chamber (KCI bath) was varied by serial

dilution. Cis means in the nanopipette and trans means the KCl bath.

The specific binding towards different target analytes can be controlled by attaching different
aptamers bearing unique molecular structures onto the gold surface (Figure 5-1 b). Further
properties of modified nanopores were obtained by analysing the power spectrum density
(PSD) of chemically modified nanopores (Figure 5-3). Compared to the gold nanopores, the
aptamer-modified nanopores showed a comparable noise at high frequencies with an increase
of 1/f noise in the low-frequency regime (f<100 Hz), which is in good agreement with previous
literature on functionalising solid-state nanopores with protein receptors??, lipid bilayers®® and

nuclear pores3®

118



(a) (b)

] 4
—_ F
=~ 10000} ~ 10000 |
= - =~ r
< 4 . RSV YAN < 4 W
5 01p e =~ 01f
& ] g 4
g 1 s |
S 1E-6f : o 1E-6f
F 0 nM Thrombin =z F :
1 ) . 0 pM Dopamine
EilnM Thrombin ) F—— 10 pM Dopamine
1E-11 . . . . . 1E-11 € : : : . .
0.1 1 10 100 1000 10000 0.1 1 10 100 1000 10000
© Frequency (Hz) (d) Frequency (Hz)
3 ' r I I I I I
r r
¥ 10000f .. N 10000
= S = [ e, 1y
ERR A, SR S
o 01p T 5 01} "
£ [ & :
y g
S 1E-6§ _ S 1E-6f
r 0 fM Serotonin 4 0 pM Acetylcholine
1 — 10 fM Serotonin F|—— 10 pM Acetylcholine
1E-11 : : : : : 1E-17 b : : : :
0.1 1 10 100 1000 10000 0.1 1 10 100 1000 10000
Frequency (Hz) Frequency (Hz)

Figure 5-3: Power spectrum density (PSD) for nanopores that are functionalised by different aptamers
for (a) thrombin, (b) dopamine, (c) serotonin and (d) acetylcholine, before and after adding the targeted
analytes. For all cases, the noise spectra mainly differ in the low-frequency regime (f<100 Hz). In this
regime, the power spectra showed 1/f dependence. The specific binding between the aptamer and
targeted analyte caused more dynamic fluctuations of thiol-modified oligonucleotides inside the pore.
All PSDs were obtained by analysing 10 s current traces for each case. The current traces were low-pass
filtered at 30 kHz and sampled at 250 kHz. The red dotted lines represent the linear fitting of PSD at a
low-frequency regime. Voore = -500 mV in all cases. The data were obtained from 8 independent

nanopores. Analytes were added into the bath.

5.3 Optimisation of aptamer-modified nanopore-FETs

Based on the aptamer-functionalised platform, we chose to investigate thrombin detection as
our preliminary target. A 15-mer thrombin binding aptamer3! bearing a well-studied G-

quadruplex structure and a Kd of 25-200 nM3?734 was functionalised onto gold (Figure 5-1b,
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Table 1). The aptamer interacts with the fibrinogen binding site of thrombin. For translocation
experiments, the functionalised devices were placed in a solution of 100 mM KCl and 10 mM
Tris-EDTA buffer at pH 8, with the carbon barrel and empty barrel as two independent working
electrodes and a common reference/ground electrode in the bath. Control experiments using
quartz nanopipettes, carbon only and gold deposited nanopipettes produced indistinguishable
signals, which means that non-specific interactions are not able to cause modulations in the

ionic current.
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Figure 5-4: The single-molecule detection of thrombin using nanopores functionalised by (a) random
sequence and (b) aptamer sequence. Using nanopores functionalised by a random sequence, the
translocation of thrombin produced current blockade, whereas, for the aptamer-functionalised
nanopore, current enhancement was observed. (c) The specific interactions between the aptamer and
thrombin caused a higher peak current and a longer dwell time than the nanopore functionalised by a
random sequence. For aptamer-functionalised nanopore, a cut down of peak current was observed for
a certain threshold as a result of the binding between aptamer and thrombin. This was further revealed
by the voltage dependence of the (d) dwell time, (e) peak amplitude and (f) capture rate. The 1 nM

thrombin was added inside the pipette and the translocation occurred from in to out.
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Upon the addition of 1 nM thrombin to the aptamer-functionalised nanopipette, the thrombin
translocation events could be observed at negative potentials, whereas no translocation
signals were observed for bare pipettes, carbon only and gold deposited pipettes. The
aptamer-functionalised devices produced single-molecule translocation peaks exhibiting
current enhancement (Figure 5-4). To further verify that the obtained signal was due to the
specific interaction between the aptamer and thrombin, a random 15-mer sequence (Table 5-
1) was also used as a control and revealed limited to no translocation events. However, those
that were observed were current blockades as opposed to enhancement. The difference in the
direction of translocation peaks was attributed to change in local electrostatic potential leading
to attraction between the aptamer and the analyte, causing current enhancement, while in the

case of random sequence a repulsive potential was induced, leading to current blockade.3>
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Figure 5-5: The selective single-molecule detection of thrombin using aptamer-functionalised nanopore
bio-transistors. (a) The current-time traces showing the voltage dependence of single-molecule
thrombin detection from (i) Vpore =-400 mV to (iv) Vpore =-700 mV. (b) A scattered diagram
demonstrating the distribution of the blockade current and binding time at different voltages. (c) A

unigue characteristic for the translocation of thrombin through aptamer-functionalised devices is the
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appearance of long tails, and (d) subsequent exponential fitting of the decay gives the distribution of
decay constant, which increases linearly with applied voltage. (e) The binding time (o, dwell time)
decreases exponentially with voltage, and the (f) off rate (kon, capture rate) increases exponentially with
voltage. A semi-log plot of the binding time and off rate resulted in a linear trend with increasing Vpore.
Thrombin was added inside the pipette at 1 nM and the translocation occurred from in to out. Error

bars represent the standard deviation of 3 independent measurements.

For aptamer-functionalised devices, increasing the voltage from -400 mV to -700 mV caused a
shorter dwell time (0.80+ 0.12 ms to 0.43 £ 0.15 ms) and a higher blockade current with more
translocation events (0.06 s to 0.39 s*) being captured (Figure 5-5), which is similar to the
conventional nanopores. The voltage-dependent results also excluded the possibility of the
surface absorption of proteins onto gold; in this case, the dwell time is expected to be longer
with the increasing voltage.3® Importantly, an exponential voltage-dependence was obtained
for the dwell time (binding time, Toff) (Figure 5-5 b,e) and capture rates (on rates, kon) (Figure
5-5 b,f), which confirms the biomolecular dissociation and association processes. Additionally,
the strong voltage dependence of the translocation parameters suggested that most aptamers
were located in the position near the nanopipette tip, where the potential field gradient is the
highest. Moreover, a closer inspection of the translocation events revealed that most peaks
contained a sharp current modulation followed by an exponential decay of the tail. The rate of
decay became faster with increasing voltage (Figure 5-5 c-d). As the translocation occurred
from tip to bath, the decay of tails corresponds to the interplay of the aptamer-thrombin
dragging force against the applied electrophoretic force. The electrophoretic force exerted on
the charged analytes scaled linearly with applied voltage, while the receptor—protein
interactions remained largely constant®’. Additionally, the binding stoichiometry between 15-
mer TBA and thrombin is 1:1.38 The decay rate of translocation tails decreased linearly from

(0.004 + 0.001) x 10°s! to (0.006 + 0.002) x 10°s* with the increasing voltage (Figure 5-5 c-d).

5.4 Controlling protein transport by aptamer-functionalised
nanopores

Controlling molecular transport across nanopores is central to many applications in terms of
gating DNA single-molecule translocation. While pioneering studies have demonstrated the

feasibility of controlling DNA transport by changing the solvent properties®® and voltage
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gating®, it remains challenging to control the transport of other analytes, especially proteins,
which have a more heterogeneous charge distribution and a more complicated shape. The
gating of protein transport by surface chemistries have been limited by irreversible binding*°
or non-responsive coatings*!, and so far, they focused on monitoring the change of the ionic
current*? or surface plasmon resonance®. In our system, the gating can easily be achieved by
changing potential applied onto the gold (Figure 5-6) to modulate single-protein translocation

across the nanopore.
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Figure 5-6: The gating of binding affinity and protein transport in an aptamer-functionalised nanopore.
(a) Schematic showing that the transistor configuration carbon/gold/aptamer barrel was used as a gate
to modulate single-molecule protein translocation. (b) By tuning Vgate from -400 to 400 mV, the
regulation of ionic transport across the nanopore was verified by nanopore |-V collected at different

gating potentials. From a single-molecule protein translocation study, (c) the dwell time (To#) was found
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to increase as Vgate became more positive, (d) while the blockade current increased as well. (d) This is
shown as current—time traces, which demonstrates the gating of single-molecule transport of 1 nM
thrombin. Vpore = -400 mV for all cases. Thrombin was added inside the pipette at 1 nM and the

translocation occurred from in to out.

By increasing Vgate from -400 mV to 400 mV, the binding time was tuned between 5.7 ms and
39.3 ms, which was accompanied by a linear increase of the blockade current (19.9 + 5.2 pA to
44.4 +27.6 pA) (Figure 5-6 c,e,f,g). Additionally, the decay of tails was dragged to be longer as
Vgate becoming more positive (Figure 5-6 g). It was known that the attached DNA
oligonucleotide adopted an extended conformation at negative Vgate due to electrostatic
repulsion®®, tuning Vgate to be more positive perhaps favoured the binding between G-
quadruplexes and thrombin. Therefore, the longer decay was correlated to a binding affinity

between the attached aptamers and thrombin as Vgate became more positive.
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Figure 5-7: More examples of the voltage gating of thrombin from Vgate = - 400 mV to Vgate =400 mV.

Positive Vgate increased the binding time, enhanced the signal-to-noise ratio and slowed the decay for
the translocation tails. Vpore = -400 mV for all cases. The experiments were performed in 100 mM KCl,
10 mM Tris and 1 mM EDTA at pH 8. Thrombin was added inside the pipette at 1 nM and the

translocation occurred from in to out.
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5.5 Detection of neurotransmitters

As the aptamer-functionalised sensors have proved their inherent ability for thrombin
detection, we decided to increase the complexity of the aptamer building blocks for targeting
the analytes that are even harder to detect. The aptamers?>* were specially selected with
adaptive-loop binding towards the neurotransmitters, including dopamine, serotonin and
acetylcholine (Table 5-1, Figure 5-1b). Importantly, the targeted neurotransmitters (0.15 kDa)
are 40000 times smaller than the standard 10 kbp ds-DNA fragment (6500 kDa) for nanopore
sensing. Therefore, it is exceptionally challenging to detect small molecules using solid-state
nanopores. Consequently, a transducing mechanism is required to convert reversible physical
association/dissociation between the targeted analytes and aptamers in the aqueous phase
into a high-fidelity electrical signal of the nanopore sensor. The uniqueness of the chosen
aptamers lies in the structural properties of bulky stem-loops; more specifically, the structural

transformations are responsive down to fM.
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5.5.1 Characterisation of the binding between aptamers and neurotransmitters using

electrical measurements
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Figure 5-8: |-V characterisation of (a) quartz, (b) carbon only and (c) gold devices against analyte
concentration. From the experimental results of quartz and carbon/quartz nanopores, the addition of
positively charged analytes, such as dopamine, caused negligible effects on the (i) I-V, (ii) conductance
and (iii) rectification ratios. Therefore, the interactions between dopamine and carbon or negatively
charged quartz surfaces caused almost no effect on the nanopore |-V characteristics. The nanopore
conductance was obtained by a linear fitting from -50 to 50 mV. The experiments were performed in
100 mM KCI, 10 mM Tris and 1 mM EDTA at pH 8. Error bars indicate the standard deviation of 3

independent measurements. Dopamine was added in the bath.

The receptor-modified FETs monitored target binding properties via the change of |-V
characteristics.*?? As an analogue to this, increasing the concentration of neurotransmitters
was found to have a negligible effect on nanopore conductance and rectification ratios for

quartz, carbon only and gold nanopipettes. Importantly, we found that the conductance of
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aptamer-functionalised nanopores increased with the concentration. (Figure 5-8) |-V studies
of functionalised nanopore bio-transistors against the analyte concentration were performed
(Figure 5-9). In experiments, the neurotransmitters were added to the KCl bath and the

translocation occurred from out to in.
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Figure 5-9: I-V characterization of aptamer-functionalised devices against analyte concentration for (a)
dopamine, (b) serotonin and (c) acetylcholine. For aptamer-functionalised devices, adding targeted
analytes caused a change in the (i) I-V characteristics due to the specific binding. (ii) The conductance
decreased with increasing concentration for both dopamine and serotonin aptamer-functionalised
devices as a result of forming more G-quadruplexes. Note that the increase of |-V conductance with
concentration is consistent with the current enhancement that was obtained for the single-molecule
translocation of dopamine and serotonin that was achieved using functionalised nanopore. (iii) The
rectification ratios (l-soomv/lsoomv) decreased as more positively charged analytes bound with the
corresponding aptamer. The sigmodal dependence of acetylcholine is caused by the use of less sensitive
aptamers compared to dopamine and serotonin cases where aptamers are responsive down to fM. The

targeted analytes were only added to the KCl bath. The nanopore conductance was obtained by a linear
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fitting from -50 to 50 mV. The experiments were performed in 100 mM KCl, 10 mM Tris and 1 mM EDTA
at pH 8. Error bars indicate the standard deviation of three independent measurements. Dopamine was

added in the bath.

For dopamine and serotonin, the experimental results are consistent with the evidence that
the aptamers switched from a duplexed conformation to either a parallel or anti-parallel G-
quadruplexes, which are more compressed upon analyte binding.?? Aside from this, the
rectification ratio decreased with concentration due to more binding between the positively
charged analytes and aptamers. Notably, the acetylcholine aptamer has a similar loop structure
to the aptamers for dopamine and serotonin, but with little information on the binding
properties and structural transformations. Interestingly, we found the same trend of
concentration dependence of conductance and rectification. Based on this, we believed the
binding between the aptamer and acetylcholine occurred similarly to the cases of dopamine
and serotonin. The fittings of the conductance and rectification data for all three aptamers
resulted in binding properties, which are summarised in Table 5-2, that closely match the
literature values??. In contrast, hybridising the complementary sequence of the aptamer
induced a decrease in nanopore conductance, which formed double-stranded DNA in a
nanopore (Figure 5-13). Possibly, the charge from the attached oligonucleotides was shifted
away from the nanopore surface, which significantly reduced the rectification ratio
(I1-s00mv/Is00 mv!) from 3.8 at 0 fM complementary sequence to 0.66 at 5 pM complementary
sequence. The above trend is in good agreement with the results obtained by Hou et al.*® on a
G-quadruplex conformational switching nanochannel. In this case, the translocation of the
complementary strand produced a current blockade, which was expected from the decrease
in nanopore conductance. Note that the magnitude of the current blockade is independent of
the analyte concentration and excludes the possibility that the translocation signals were

caused by the local change of the analyte concentration in a nanopore.
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5.5.2 Selective single-molecule detection of neurotransmitters

Regarding the thrombin case, the scrambled sequence functionalised nanopore produced no
translocation signals, which confirms that the non-specific interactions between the
neurotransmitters and the scrambled sequence are unable to cause the modulation of the
current baseline. In contrast, the specific interactions between the aptamers and targets are
revealed in terms of spikes in the real-time current (Figure 5-1 f and Figure 5-11). This was
further proved by the observation that no translocation signals were obtained for the same

device when no analytes were added in the bath.
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Figure 5-10: The representative current traces for the translocation of dopamine across nanopores
functionalised by the scrambled sequence of dopamine aptamer. No distinguishable current
modulations were observed. The experiments were conducted at 100 mM KCI, 10 mM Tris and 1 mM
EDTA at pH 8. Vpore= -400 mV for all concentrations. The experiments were verified by five
independent nanopores functionalised with scrambled sequence of dopamine aptamer. Different
concentrations of dopamine were added to the bath and any possible translocations are supposed to

occur from out to in.
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Figure 5-11: Single-molecule detection of dopamine using an aptamer-functionalised nanopore. (a)
Single-molecule translocation of (b) dopamine occurred from the electrolyte bath to a nanopore
functionalised by (c) dopamine aptamers under a negative Vpore, (d) voltage-dependent current—time
traces. This illustrates the specific interactions between the stem-loop aptamers and dopamine, as
suggested by the contrast between the grey (0 pM dopamine) and black (10 pM dopamine) current
traces from the same device. The voltage-dependent results and detailed distribution of the (e) dwell
time (dissociation time, Tof), (f) blockade current and (g) on rate (capture rate, kon) With increasing

Vpore from -300 to -700 mV. Dopamine was added in the KCl bath, error bars indicate the standard

deviation of 3 independent measurements.

In the case of dopamine (Figure 5-11), the translocation caused current enhancement. This is
consistent with the evidence from the I-V study that suggests that the aptamer switches from
a duplexed conformation to a G-quadruplex upon binding.?? To further investigate the
meaningful features of the collected signals, we hypothesised the binding model proposed by
Wei et al.?® on receptor-modified nanopores. The distribution of interevent time (toff) was

analysed to address whether the obtained signals were due to single-molecule translocation.
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In all cases, the exponential dependence of interevent time confirms the stochastic nature of
current modulation (Figure 5-11 g), which verifies the single-molecule nature of the collected
events?®*’. Interestingly, the voltage dependence of Toff and kon showed an exponential
dependence with applied voltage (Figure 5-11 e,g), which means that the neurotransmitter
translocations are predominately governed by ligand-receptor association and dissociation.?®
Additionally, the lack of secondary peaks from individual events confirmed that the
translocation signals were caused by the interactions between the targeted analyte and one
receptor only. Multiple interactions between the analyte and receptors are expected to induce
multi-level translocation events (Figure 5-12).% As the strength of the ligand-receptor
interactions is strongly related to Debye screening, increasing the salt concentration to 1 M KCl

results in the disappearance of translocation signals on the same device.
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Figure 5-12: The representative current-traces for serotonin showing the shape of the translocation
peaks. In most cases, the translocation events were predominately seen as a single and rectangular
peak, which suggests that each translocation event was caused by an interaction with one receptor, as
multiple receptors are able to cause the inter-transfer of the targeted analyte between different ligands
in the nanopore sensing region. The concentration of serotonin is 10 fM added into the KCl bath, and

the translocation occurred from bath to tip, Vpore = -500 mV.

Regarding the |-V studies of aptamer binding, a further confirmation of the occurrence of the
aptamer-target association and dissociation was made on hybridising the complementary
strand to the aptamer. In this case, the formation of ds-DNA, which is more extended inside
the nanopore, also caused a current blockade. This is consistent with the results from I-V,

where the nanopore rectification was dramatically reduced.

a
2000

100 : :

-100 e
100 . I . I . 1 . 1
2000 | r 10‘fl\/|

-100 - ]
-4000 ¢ s () fM] 4 100 1 L 1 L 1 s 1 s
5 pM 50 fM
¥mmw\w n MWMWWM ;WNM%

-100 |- .
100 1
1500 fM

MWWWMWWMW m WMN

SpM

| wwwwmw www

-100
100
-3.0¢ i

| % mwwmwwwwww

0.0 2.5 5.0 0.0 0. 0.4 0. .8 1.0
[Complementary strand] (pM)

lore (PA)

-900 -600 -300 0 300 600 900

|pore (pA)
o

Potential (mV)

SH
S)

@ 100
10l 1 100

o

Rectification ratio

o

Time (s)

Figure 5-13: The hybridisation of the complementary strand to the nanopore functionalised by the

serotonin aptamer. (a) The change of I-V demonstrated the formation of hybridised double-stranded

I_s00mv

DNA inside the nanopore. (b) The rectification (

D changed from negative rectification to
500 mV

133



almost no rectification, and finally, a slightly positive rectification. The decrease of the rectification ratio
can be attributed to the formation of ds-DNA in a nanopore, which shifts the negative charge of the
attached oligonucleotides away from the surface. Interestingly, the rectification ratios became slightly
less than one (i.e. positive rectification) at a 500 fM and 5 pM concentration of the complementary
strand. A gold nanopore is expected to have a negative rectification due to the surface absorption of
chloride anions. For the functionalised nanopore system, the linear and extended ds-DNA suppresses

the chloride absorption. Therefore, it exposes more bare gold surface, which is weakly positively

d25,48

charge and causes a positive rectification. (c) The real-time current traces recorded from the same

device at different concentrations of the complementary strand. A current blockade was observed that
is consistent with the change of I-V. Note that the blockade current is independent of the concentration.
Vpore = 600 mV. The translocation of the negatively charged complementary strand occurred from out

to in. The complementary strand of serotonin aptamer was added into the KCl bath.

Having verified the occurrence of the association—dissociation processes in a nanopore for
dopamine, another two aptamers with similar stem-loop structures were selected for
serotonin®? and acetylcholine®®, respectively (Table 5-1), to bring more diversity to this
functionalised nanopore sensing platform. Similar to the dopamine case, the selectivity and
voltage dependence of Toff (Figure 5-11 ¢, Figure 5-14 ai, bi) and kon (Figure 5-11 e, Figure 5-14
aii, bii) were verified to occur like the characteristics of the nanopore binding processes, as
mentioned above. Based on the translocation statistics that were already established, the
single-molecule detection of serotonin at fM level was demonstrated (Figure 5-14 a), which
was a magnitude lower than the typical nanopore sensing concentration and six to nine
magnitudes lower than the conventional methods, such as electrochemical and optical
measurements.’%4* This was further demonstrated by the single-molecule detection of non-
redox-active neurotransmitters, such as acetylcholine (Figure 5-14 b). This is also possible at
pM level by using aptamer-functionalised devices. The label-free feature of nanopore sensing
provides a viable way of detecting a range of neurotransmitters without the prerequisite of

chemical sample labelling or modification.
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Figure 5-14: The single-molecule sensing of neurotransmitters at fM concentration, and the capability
of aptamer-functionalised nanopore bio-transistors to detect non-redox-active neurotransmitters. The
single-molecule detection of serotonin at fM level was illustrated by the example of (a) serotonin, while
the detection of non-redox-active neurotransmitters was demonstrated by (b) acetylcholine. For both
cases, the single-molecule detection was performed via a voltage dependence of (i) dwell time (to) and
(i) capture rate (kon), with (iii) scattered diagrams to demonstrate the distribution of the blockade
current and binding time at Vpore = -500 mV, and (iv) exponential distribution of interevent time (ton)
demonstrating the single-molecule nature of translocation signals. Serotonin and acetylcholine were
added into the KCl bath in all cases. Error bars represent the standard deivation from 3 independent

measurements.

5.5.3 Single-molecule binding assay for neurotransmitters

For a more quantitative rationalisation of our experimental results, the calculation of the
dissociation constant (Kq4) was performed by extrapolating the voltage dependence of ton and
kofr to find the values at which no voltage was applied across the nanopore (Figure 5-15). The
Kq for dopamine, serotonin and acetylcholine was estimated to be 5 nM, 1.25 pM and 250 pM,

respectively.
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Figure 5-15: Further details of the calculation of Kp from single-molecule translocation data. The voltage

dependence of the dwell time (Toff) and capture rate (kon) was extrapolated to discover the values at

which no voltage wasapplied to calculate the Ky and compare it with the literature values.

Dopamine Serotonin Acetylcholine  Serotonin aptamer
aptamer aptamer aptamer Complementary
Dopamine Serotonin Acetylcholine strand
Aptamer Duplex —> Duplex —> Duplex = Duplex —>
structural (parallel or antiparallel G4 likely a G4 hybridised ds-DNA
switching mixed) G4
Conductance Increase Increase Increase Decrease
Rectification Decrease Decrease Decrease Decrease
Translocation Enhancement Enhancement Enhancement Blockade

Table 5-2: The summary of the experimental and literature evidence of the structural switching of
aptamers and its relation to I-V and translocation studies. The aptamers switched from a duplex
conformation to either a parallel or anti-parallel G-quadruplex, which becomes more compressed upon
binding with dopamine or serotonin. This created a knock-on effect on the concentration dependence
of nanopore conductance, which increased with more targets being bound, and therefore, more G-
quadruplex formations. The rectification decreased due to more binding between the positively
charged analytes and the aptamer. This was further reflected in the results of the single-molecule

translocation experiments where current enhancement was observed.
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In parallel, the concentration dependence of nanopore I-Vs with single-molecule translocation
of neurotransmitters (Figure 5-16). Inside the dynamic range where the nanopore conductance
increased with concentration, the current enhancement was obtained, which corresponded to
the translocation of a single neurotransmitter. In contrast, the current blockade appeared after
the concentration dependence of nanopore conductance reached the plateau, which was a
result of the interactions between the filled binding sites and the excess neurotransmitters. As
noted above, the experimental results were established upon selective detection of targeted
analytes. In all cases, the nanopore’s functionalised scrambled sequence of corresponding

aptamers exhibited no noticeable translocation peaks (Figure 5-10).
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Figure 5-16: The correlation between the concentration dependence of nanopore conductance and the
single-molecule translocation of serotonin. Increasing the concentration of serotonin caused the
transition from the current enhancement to the current blockade. Within the range where the
nanopore conductance increased with concentration, the current enhancement was obtained, whereas
the current blockade appeared after the plateau was reached. Vpore = -400 mV and the concentration

of serotonin was varied in the KCl bath in all cases. Serotonin was added into the KC| bath.

137



5.6 Conclusion and future work

To conclude, | have developed a novel class of aptamer-functionalised nanopore field-effect
transistors for the selective single-molecule detection of proteins and neurotransmitters. The
successful assaying of a single protein or neurotransmitter is performed by extracting the
binding affinity from the voltage dependence. This correlates with the bulk measurements that
validate the robustness of my approach. Due to the increasing abundance of available
aptamers for different targets, the versatility of our approach was illustrated for different
targets, including both proteins and neurotransmitters. Notably, electrochemically measuring
the neurotransmitters is the most predominant sensing method, but the neurotransmitters
must be redox-active. Using our approach, it is also possible to detect electronically non-redox-
active analytes with single-molecule resolution and that is a significant advantage compared
to state-of-the-art electrochemical sensors. By using aptamers with a high specific affinity
towards a given analyte, we can achieve the single-molecule detection of neurotransmitters at
fM level. Notably, this is six to nine orders of magnitude lower than the conventional methods,
such as optical and electrochemical measurements. Furthermore, the crosslinks of binding
properties extracted from both single-molecule and bulk measurements for all aptamers and
the corresponding neurotransmitters, along with the universal nature sensing platform for
producing molecular signatures based on the aptamer structural transformations and
receptor-analyte binding for both proteins and small molecules, suggest the potential of using
this nanopore sensing system to produce more ‘spectroscopic’ signals to extract and analyse
molecular fingerprints at an ultralow concentration from complex biological backgrounds.
Therefore, along with the increasing abundance of aptamers, we foresee an array of more
generalised applications that can be achieved by customising aptamers with a desired dynamic
range for the targeted analytes through binding chemistries, such as conformational changes.
Therefore, further implementation of this in vitro sensing strategy may lead to the detection
and quantification of a range of proteins and neurotransmitters both intercellularly and

intracellularly, such as in-vitro monitoring of neurontransmitter release in real time.

Although there have been advancements in detecting and quantifying neurotransmitters using
this aptamer-modified nanopore bio-transistor sensing platform, there are a few potential

improvements that can be still made in the future. The dynamic range of aptamers has critical
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implications on the quantification of neurotransmitters. For in vitro applications, the careful
selection of aptamers with the desired binding properties is a prerequisite for quantifying
neuron activities of interests. Moreover, the precise number and location of the aptamers that
are attached inside the nanopore sensing region must be made in a more controlled manner,

although this is currently a problem that remains unsolved for solid-state nanopores.

Moreover, the dynamic range of fabricated sensors has important implications in clinical
diagnosis and in-vitro monitoring of neuron activities. The aptamer-functionalised nanopore
bio-transistors can detect neurotransmitters from fM to nM. A further extension of the
dynamic range can be made by customising the aptamers for targeted analytes, each of which
has a desired dynamic range for targeted analytes with binding chemistries, such as
conformational changes. As aptamer-functionalised nanopore bio-transistors can selectively
pre-concentrate analytes on the gate electrode, another route focuses on exploring the
electrochemical properties of redox-active neurotransmitters, such as dopamine and
serotonin. Proof-of-principle studies have been conducted, as shown in Figure 5-17. The
aptamer-functionalised nanopore bio-transistors generated the most significant response in
terms of dopamine oxidation, in contrast to those functionalised by scrambled sequence and

the gold and carbon gate electrodes.

Scheme 5-1: The electrochemical oxidation of dopamine oxidising phenol groups into ketones and

releasing protons.
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Cyclic voltammetry, 50 mV/s Increasing [Dopamine] 100 mM KCI, TE buffer, pH 7.6, dopamine in bath
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Figure 5-17: The selective electrochemical response for the gate electrodes of aptamer-functionalised
nanopore bio-transistors. The electrochemical response from (a) carbon nanoelectrode, (b) gold
deposited gate, (c) gold gate functionalised by the scrambled sequence of dopamine aptamer and (d)
gold gate functionalised by dopamine aptamer. The aptamer functionalised gate generated the most

significant electrochemical response. Dopamine was added into the KCl bath.
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6.1 Project aims and outcomes

Harnessing the unique chemical and physical properties of nanopore sensing with advances in
new materials and chemistries has been one of the ultimate aims of single-molecule detection.
In chapter one, nanopore sensing, as a predominant tool for single-molecule detection of
nucleic acids, proteins and glycans, was reviewed from the perspective of new materials and
chemistries, with the main challenges including improving controlled fabrication and
enhancing selectivity. A plethora of strategies have been innovated to advance nanopore
sensing and at the same time to address the challenges described above. Specifically, a method
was proposed to fabricate chemically-modified nanopore field-effect transistors to control

single-molecule transport and selectively detect proteins and even small molecules.

Chapters two and three outlined the detailed fabrication methodology. As conventional
nanopore-FETs are difficult to fabricate via advanced lithography technigues, this problem was
addressed using the platform of dual-barrel nanopipettes. In contrast to conventional solid-
state nanopore or single-barrel nanopipette platforms, dual-barrel nanopipettes were used in
this project mainly due to nanoscale separation of their septum (~ 20 nm). One barrel can be
selectively filled with carbon via pyrolysis of butane and another barrel can be used as a
nanopore. A feedback-controlled mechanism is needed to accurately deposit gold around the

nanopore opening.

It was explained in chapter three that, by using a gold-sulphite plating solution, controllable
deposition on the nanoscale was proved to be feasible by using electrochemistry. More
importantly, the feedback mechanism was introduced into this system by using a
bipotentiostatic configuration to decrease the difficulty of fabrication and increase the device
yield. The reproducibility and reliability of the fabrication method were verified through the
precise tailoring of nanopore conductance. Surface characterisation, using optical and electron
microscopy techniques, verified the deposition pattern and visualised the deposited gold
around the nanopore opening. This opens up the possibility of using fabricated devices for

nanopore field-effect transistors.
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The control of single-molecule transport of DNA can be readily achieved using voltage gating.
A reason to choose gold is the ease of its functionalisation by thiolated species. Therefore, gold
can be functionalised by two different types of thiols: small molecules and oligonucleotides.

Specifically, by using conventional solid-state nanopore or single-barrel nanopipette platforms.

In chapter four, it was shown how voltage gating was implemented into this system by using
gold-deposited devices as on/off switches for the single-molecule transport of DNA. This was
carried out under optimised electrochemical conditions probed by differential capacitance
measurements. It is an important factor that gold can be easily modified by a range of thiolated
species by developing an optimised formulation for surface functionalisation. Surface
modification of deposited gold by either small molecules or oligonucleotides was successfully
established and fully characterised by a combination of different electrochemistry techniques.
Small molecules with different charges can be used to tune the surface charge of a nanopore,

while oligonucleotides can act as selectivity components that recognise targeted analytes.

More active control of molecular transport was enabled by chemically modifying deposits with
a positively charged amine. Functionalised nanopore-FETs are able to control single-molecule
transport not only through switching on or off but also by tuning more transport properties,

including transport velocity and capture rate, by orders of magnitude.

In chapter five, it was demonstrated how selectivity can be incorporated into this system in the
form of aptamer-analyte binding. DNA aptamers bearing unique molecular structures such as
G-quadruplex and stem-loop were functionalised onto the surface of gold to target proteins
and small molecules such as neurotransmitters. Single-molecule transport of proteins can be
detected and controlled using relatively well-characterised aptamers such as a 15-mer

thrombin-binding aptamer.

Stem-loop aptamers for dopamine, serotonin and acetylcholine were used to detect these
small molecules via target-induced conformational changes down to fM sensitivity. Aside from
one-dimensional information obtained using resistive pulse sensing, the binding information
can be extracted from the characteristics of single-molecule translocation events and
correlated well with bulk measurements of the concentration dependence nanopore |-Vs in

terms of conductance and rectification. Detecting neurotransmitters was not only possible by
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using aptamer-functionalised nanopores, but also by using the gate electrode for selective

electrochemical detection based on the redox properties of neurotransmitters.

6.2 Future work
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Figure 6-1: Summary of key conclusions and future work based on hybrid nanopore bio-transistors
developed in this thesis. Overall, conclusions can be drawn from two different components of the
device. (a) For aptamer-functionalised nanopores, the single-molecule detection of neurotransmitters
was achieved via the target-induced conformational changes of aptamers functionalised onto the
surface of gold. (b) By using aptamers with sufficiently high affinity with the targets, fM sensitivity can
be attained. More importantly, the binding kinetics and thermodynamics can be extracted from
resistive pulse-sensing methods and correlated with bulk measurements, confirming the robustness of
the approach. (c) The strategy proposed in this thesis has implications on the detection of short
fragments of nucleic acids via the base-pairing interactions between the target and the complementary
strand, suggesting a novel way of detecting important potential biomarkers such as miRNAs. (d) To truly
take advantage of this platform, the electrochemistry of the aptamer-functionalised gate was

incorporated with a significantly broader dynamic range, up to hundreds of micron molar, from the
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oxidation of redox-active neurotransmitters. To summarise, a range of detection methods were
integrated into this sensing platform, with different dynamic ranges from fM to puM. Promising

applications regarding in-vitro detection of neurontransmitter release can be expected.

In terms of future work, an array of applications can be foreseen, based on what has already
been achieved. Coupled with further advances in aptamer customisation, more generalised
applications can be achieved by designing aptamers with a desired dynamic range for the
selective detection of targeted analytes using a range of sensing modes developed in this
platform, using binding chemistries such as conformational changes, to test analytes in

complex analyte matrices.

From the concentration dependence of aptamer-binding properties on nanopore FETs,
nanopore |-Vs, redox detection of neurotransmitters and single-molecule translocation,
studies can be crosslinked on one nanopipette to deliver a comprehensive picture of neuron
activities inside living cells.* Each individual method is capable of revealing different
chemical—physical processes occurring inside of a nanopore, either at single-molecule level or
at bulk level, covering a broad concentration range from fM to uM. Therefore, a multi-
functional probe for living-cell processes can be expected by using the unique features of this
sensing platform. Moreover, the developed platform has important implications on the
monitoring of a range of neuron activities because of the tuneable dynamic range for each

sensing mode.

In recent years, there has been anincreasing trend to direct nanopore research towards clinical
diagnosis.*> Apart from the conformational changes of aptamers, another area to be explored
for selective detection using this platform is the base-pairing interaction between
complementary strands. This might form the basis of the in-vitro single-molecule diagnosis of
diseases from different biomarkers such as miRNAs, especially at low concentration (fM-pM).
Perhaps Oxford Nanopore Technologies can be used as a benchmark where the high-
throughput detection and sequencing of targets (in most cases nucleic acids) are facilitated by
nanopore arrays in the form of flowcells. Different approaches might emerge for scaling up the
operation of solid-state nanopores to cope with the increasing number of innovations in
nanopore materials, as partly investigated in this thesis, even though there are currently still

some developments to be made on scaling up the operation of solid-state nanopores or
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nanopipettes. This will have implications on the detection of disease biomarkers and,

consequently, future point-of-care diagnostic devices.
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